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REMARKS 

The Present Invention 

The present invention pertains to a method for the therapeutic treatment of cancer due 
to a genetic defect in the p53 gene, a method for the prophylactic or therapeutic treatment of 
cancer due to ataxia telangiectasia, and a method for the prophylactic treatment of cancer. 

The Pending Claims 

Claims 1, 4-21, 28, and 30-49 are currently pending of which claims 1 and 4-21 are 
directed to a method for the therapeutic treatment of cancer due to a genetic defect in the p53 
gene, claim 28 is directed to a method for the prophylactic or therapeutic treatment of cancer 
due to ataxia telangiectasia or Li Fraumeni's syndrome, and claims 30-49 are directed to a 
method for the prophylactic treatment of cancer. Claims 4-21 and 31-48 have been 
withdrawn from consideration by the Office as being directed to a non-elected species. 

Request to Return Claims 4-21 and 31-48 to Consideration 

The Office Action indicates that claims 4-21 and 31-48 are withdrawn from 
consideration. The Office Action issued November 15, 2000, set forth a restriction 
requirement that required only an election of a species. The Office Action states, "Applicant 
is required, in reply to this action, to elect a single species ... to which the claims shall be 
restricted if no generic claim is finally held to be allowable . . . Upon the allowance of a 
generic claim, applicant will be entitled to consideration of claims to additional species which 
are written in dependent form or otherwise include all the limitations of an allowed generic 
claim as provided by 37 CFR 1.141" (see pages 2-3 of Office Action). In the response filed 
December 15, 2002, applicants elected the species 4-hydroxy-2,2,6,6-tetramethylpiperidine- 
1-oxyl (i.e., Tempol). This species was elected for search purposes only. Accordingly, 
applicants request claims 4-21 and 31-48 be returned to consideration. 

Summary of the Office Action 

The Office has rejected claims 1, 28, 30, and 49 under Section 1 12, first paragraph, as 
allegedly lacking enablement. Claims 28, 30, and 49 have been rejected under the judicially 
created doctrine of obviousness-type double patenting as being unpatentable over claim 22 of 
U.S. Patent No 5,462,946 (hereinafter "the '946 patent") and/or claim 2 of U.S. Patent No. 
6,605,619 (hereinafter "the '619 patent"). Reconsideration of the rejections is hereby 
requested. 
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Discussion of the Enablement Rejection 

The Office Action rejects claims 1, 28, 30, and 49 under Section 112, first paragraph, 
for allegedly failing to enable the skilled artisan to practice the full scope of the claimed 
invention without undue experimentation. The Office Action acknowledges that the 
specification is enabling for treating ataxia telangiectasia or Li Fraumeni's syndrome with 
Tempol, but alleges it is not enabling for (a) a method for the therapeutic treatment of cancer 
due to a genetic defect of the p53 gene with a compound of Formula I or II (claim 1), (b) a 
method for prophylactic or therapeutic treatment of cancer due to ataxia telangiectasia or Li 
Fraumeni's syndrome with a compound of Formula I or II other than Tempol (claim 28), or 
(c) a method for the prophylactic treatment of cancer with a compound of Formula I or II 
(claims 30 and 49). More specifically, the Office alleges the specification is not enabled for 
treatment of all cancers, all cancers due to a genetic defect in the p53 gene, or for using the 
vast number of possible compounds in the genus described by Formulas I and II. 

To meet the burden of proof for an enablement rejection, the Office must advance 
acceptable reasoning that is inconsistent with enablement. In re Wright, 999 F.2d 1557, 
1562, 27 U.S.P.Q.2d 1510, 1513 (Fed. Cir. 1993), In re Strahilevitz, 668 F.2d 1229, 1232, 
212 U.S.P.Q. 561, 563 (C.C.P.A. 1982). In other words, the burden is on the Office to 
provide sufficient reasons for doubting any assertions in the specification as to the scope of 
enablement. In the present application, the Office has not provided a reasonable basis to 
conclude that one of ordinary skill in the art would not have been able to practice the claimed 
invention. No specific reasons or evidence are set forth to support the allegation as to why 
one of ordinary skill in the art could not practice the methods of claims 1, 28, 30, and 49 
without undue experimentation. For example, the Office did not provide evidence to support 
why compounds of Formula I and II other than Tempol are not considered enabled. 

Even if it were shown that the Office has met its burden of proof (which applicants 
contend is not the case), the burden of proof shifts to the applicant to prove enablement. To 
this end, applicants have provided ample support both in the specification and literature that 
one of ordinary skill in the art would be able to make and use the invention of claims 1, 28, 
30, and 49 without undue experimentation. 

In the case at hand, numerous examples of the efficacy of a compound of Formula I 
(i.e., a specie of the claimed genus) are provided. As discussed below, the specification and 
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literature support that compounds of Formulas I and II have similar properties (e.g., acting as 
SOD-mimetics). Thus, based on the numerous in vivo examples of a compound of the 
claimed genus and the known similarities in the compounds' activities, one of ordinary skill 
in the art would have a reasonable expectation of success in practicing the methods of claims 
1, 28, 30, and 49. Moreover, MPEP^Section 2164.02 states: 

The presence of only one working example should never be the 
sole reason for rejecting claims as being broader than the enabling 
disclosure . . . one must evaluate all the facts and evidence and state why 
one would not be able to extrapolate that one example across the entire 
scope of the claims. 

Furthermore, the specification provides ample guidance to the ordinary skilled artisan 
to practice the full scope of the claimed invention, as defined by claims 1, 28, 30, and 49, 
without undue experimentation. Applicants teach those of ordinary skill in the art how to 
make and use the present invention of claims 1, 28, 30, and 49. Examples I and II of the 
instant specification describe the in vivo efficacy of compounds of Formulas I and II to treat or 
prevent cancers susceptible to prevention or treatment by nitroxides. Other exemplary cancers 
that are susceptible to prevention or treatment by the compounds, or prodrugs thereof, 
encompassed within the scope of the present invention, are described in the specification at, for 
example, page 6, lines 12-29. Compounds of Formula I and II are described in the 
specification at, for example, page 7, line 24, to page 10, line 14. Chemical synthesis of 
nitroxides is described in the specification at, for example, page 11, lines 12-26. Suitable 
doses are described in the specification at, for example, page 10, line 27, to page 11, line 11. 
Formulations of nitroxides of Formula I and II are described in the specification at, for 
example, page 12, line 8, to page 15, line 12, and includes modes of administration, carriers, 
and concentrations. 

With respect to claims 1 and 49, the Office Action alleges that applicants have not 
named any specific cancers caused by a genetic defect in the p53 gene. However, the 
specification need not disclose, and preferably omits, that which is well-known in the art. In 
re Buchner, 929 F.2d 660, 661, 18 U.S.P.Q.2d 1331, 1332 (Fed. Cir. 1991). As of the 
priority date of May 27, 1997, specific cancers caused by a genetic defect in the p53 gene 
were known in the art. For example, Hollstein et al., Science 253: 49-53 (1991) (of record) 
teaches that p53 mutations are common to human cancers, including cancers of the colon, 
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lung, esophagus, breast, liver, brain, reticuloendothelial tissue, and hematopoietic tissues. 
See also, Harris, C. C, X Nat'l Cancer Inst 88: 1442-1455 (1996) (of record). 

Claim 28 is directed to a method for the prophylactic or therapeutic treatment of 
cancer, wherein the cancer is due to ataxia telangiectasia or Li Fraumeni's syndrome. 
According to the Office, "the state of the art does not recognize the administration of any 
compounds or compositions to prevent or completely eliminate (cure) the cancers of [sic] 
ataxia telangiectasia or Li Fraumeni's syndrome as required in the instant claims" (Office 
Action, page 4, first full paragraph). To support this statement, the Office cites two recent 
publications about ataxia telangiectasia and Li Fraumeni's syndrome. The first reference, 
"NINDS Ataxia Telangiectasia Information Page" (The National Institute of Neurological 
Disorders and Stroke, NIH, 2003), discloses information about ataxia telangiectasia and 
related treatments, prognoses, and research. The second reference, "Genetic Testing on 
Embryos Hits New Milestone" (Matloff, E., Reuters News, 2001), reports on the genetic 
testing of an embryo to screen for Li Fraumeni syndrome. The report further states that 
"[t]here is no cure for Li Fraumeni syndrome, and to date, no effective surveillance of risk 
reduction plan for these individuals and their family members" (page 2, first full paragraph). 
These references do not suggest that treatment and prophylaxis are impossible, nor that the 
rate of occurrence and the attendant effects of these diseases cannot be lessened. Moreover, 
these references do not address the inventive methods and compositions of the present 
invention. Accordingly, these references do not support a prima facie finding that the 
claimed invention is not enabled by the specification. 

Moreover, the Office mischaracterizes claim 28. In contrast to the Office's allegation, 
claim 28 does not aim to cure ataxia telangiectasia or Li Fraumeni's syndrome per se, but 
rather is directed to a method of treating or preventing a cancer associated with these two 
disorders. The term "prophylactic" means any degree in inhibition of the onset of the cancer, 
and "therapeutic" means any degree in inhibition of the progression of the cancer, including 
delay of onset, and/or slowing the progression of the cancer (see, for example, page 10, lines 
18-20 of the specification). Applicants previously demonstrated the prophylactic treatment 
with Tempol of ^4/w-deficient mice, which are good models of ataxia telangiectasia, (see the 
Declaration under 37 C.F.R. § 1.132 of Dr. James B. Mitchell attached to response to Office 
Action filed September 16, 2003). 
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Claim 30 is directed to a method for the prophylactic treatment of cancer. Claim 49 is 
directed to a method for the prophylactic treatment of cancer, wherein the cancer is due to a 
genetic defect in the p53 gene. The Office contends that these claims are not enabled for a 
method for the prophylactic treatment of any cancer (claim 30) or any cancer with a defect in 
the p53 gene (claim 49) with a compound of Formula I or II. Compounds of Formula I and II 
have been shown to protect cells and animals against the untoward acute effects of short-term 
exposure to lethal doses of free radicals and oxidative species, such as superoxide, hydrogen 
peroxide, hydroxyl radicals, and hydroperoxides, by functioning as antioxidants (see, U.S. 
Patent 5,462,946, incorporated by reference and page 2, lines 24-28, of the instant 
specification). In other words, any cancer that generates free radicals and oxidative species 
are cancers susceptible to prophylactic treatment with a compound of Formula I or II (or a 
prodrug thereof) in claims 30 and 49. The specific type of cancer that is prophylactically 
treated does not matter as long as free radicals and/or oxidative species are produced; the 
mechanism of action should be the same. One of ordinary skill in the art, therefore, is 
enabled to practice the present inventive method. This is supported by Example 2 and 
Mitchell et al., Free Radical Biology & Medicine 34: 93-102 (2003) (made of record in 
applicants' response to Office Action submitted September 1 6, 2003), which show that 
spontaneous tumor incidence in mice decreases upon treatment with Tempol. These data 
accordingly demonstrate that the spontaneous incidence of any cancer can be prophylactically 
treated with a compound of Formulas I and II, such as Tempol, or a prodrug thereof because 
administration of Tempol resulted in a delay of progression from the Gl to S phase of the cell 
cycle, which subsequently led to a slowing of cellular proliferation and prolonged latency to 
tumor formation (see Mitchell et ah, Free Radical Biology & Medicine 34: 93-102 (2003), 
page 10, second paragraph). 

In regards to the Office's contention that the specification is not enabled for 
compounds other than Tempol, applicants submit that the compounds of Formulas I and II 
(and prodrugs thereof) all have a common characteristic in that all the compounds have 
superoxide dismustase (SOD)-like activity. Because cancer development can be mediated ■> 
through a free radical process, the skilled artisan would reasonably believe that the nitroxides 
of Formulas I and II, would be active for the therapeutic and prophylactic treatment of those 
cancers. 

More specifically, nitroxides of Formulas I and II having SOD-mimetic activity 
typically belong to two different classes based on the ring size: 1) six-membered piperidine- 
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based nitroxides (e.g., Tempo, Tempol, and Oxo Tempo) (i.e., compounds of Formula I); and 
2) five-membered doxyl derivatives (e.g., Cyclo hexane Doxyl (CHDO) and Oxano) (i.e., 
compounds of Formula II). SOD mimetic activity in both of these classes has been reported 
in the literature (see, for example, Samuni et al., J. Biol Chem., 263(34): 17921-1724 (1988); 
Mitchell et al., Biochemistry, 29(1 1): 2802 (1990); Krishna et al., Proc. Natl. Acad. Sci. 
U.S.A., 89(12): 5537-5541 (1992); Krishna et al., J. Biol. Chem., 271(42): 26026-26031 
(1996); and Krishna et al., J. Med Chem., 41(18): 3477-3492 (1998) (copies enclosed). Thus 
the SOD-mimetic activity of nitroxides is not restricted to Tempol only, but also to other 
nitroxides, such as those of Formulas I and II. 

In the present application, an exemplary compound, Tempol, has been shown to have 
activity for the prophylactic and therapeutic treatment of cancer due to a p53 defect, cancer 
due to ataxia telangiectasia, cancer due to Li Fraumeni's syndrome, and cancer in general. 
As stated above, Tempol and the other compounds of Formulas I and II have SOD-mimetic 
activity, and thus will have similar prophylactic and therapeutic activities for cancer. The 
examples provided in the specification and Dr. Mitchell's Rule 132 Declaration illustrate that 
cancers other than cancer due to ataxia telangiectasia or Li Fraumeni's syndrome are enabled 
(e.g., with the use of p53 knock-out mice). As such, in view of the teachings in the 
specification and scientific literature and data provided in the specification and Rule 132 
Declaration, it is respectfully submitted that the scope of the subject matter defined by claims 
1, 28, 30, and 49 is reasonably correlated to the enablement provided by the specification. 

In view of the foregoing arguments, it is submitted that claims 1, 28, 30, and 49 are 
enabled. Applicants request that the rejection of these claims be withdrawn. 

Discussion of the Obviousness-Type Double Patenting Rejection 

Claims 28, 30, and 49 have been rejected for obviousness-type double patenting as 
being not patentably distinct over claim 22 of the 4 946 patent and/or claim 2 of the '619 
patent. Claim 22 of the '946 patent recites a method for treating the effects of oxidative 
stress due to the production of harmful free radical species comprising administering a 
composition comprising an anti-oxidative stress effective amount of Tempol to an organism 
or biological material susceptible to oxidative stress. Claim 2 of the '619 patent recites a 
method for treating or preventing damage to normal cells, tissues, or organs in a mammal that 
has been exposed to ionizing radiation comprising administering to said mammal, after 
exposure to ionizing radiation, a composition comprising an anti-radiation damage effective 
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amount of Tempol. According to the Office, since the mammal or organism recited in claims 
22 or 2 would also be at risk for developing cancer, thus these claims render pending claims 
28, 30, and 49 obvious. However, practice of claim 22 of the '946 patent and claim 2 of the 
'619 patent does not necessarily lead to the method of claims 28, 30, and 49 because 
prevention of cancer is not the only possible result of exposure to ionizing radiation or 
oxidative stress. 

For inherency to apply in an anticipation situation, the later-claimed product or 
method must always (i.e., inevitably or necessarily) be the result of the practice of the prior 
art. Treating the effects of oxidative stress and/or treating or preventing damage caused by 
ionizing radiation does not always yield prevention of cancer because of the nature of the 
patient being treated. More specifically, a patient that is to be treated for the effects of 
oxidative stress is not necessarily at risk of cancer at the time Tempol is administered. 
Therefore, at the time of administration, there is no cancer for Tempol to prevent in the 
patient. Similarly, oxidative stress and/or ionizing radiation can have deleterious effects, 
including mucositis and cataracts (see, for example, col. 2, lines 61-62 and col. 3, lines 4-6 of 
the '619 patent). Thus, treating the disorders of claim 22 of the '946 patent and claim 2 of 
the '619 patent does not always result in preventing cancer. As such, it cannot be said that 
pending claims 28, 30, and 49 are not patentably distinct from claim 22 of the 6 946 patent and 
claim 2 of the '619 patent, and the obviousness-type double patenting rejection should be 
withdrawn. 

Conclusion 

The application is considered in good and proper form for allowance, and the 
Examiner is respectfully requested to pass this application to issue. If, in the opinion of the 
Examiner, a telephone conference would expedite the prosecution of the subject application, 
the Examiner is invited to call the undersigned attorney. 
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Respectfully submitted, 




Date: August 19,2004 



David J. ScH6din, Reg. No. 41,294 
LEYDIG, VOIT & MAYER, LTD. 
Two Prudential Plaza, Suite 4900 
180 North Stetson Avenue 
Chicago, Illinois 60601-6780 
(312) 616-5600 (telephone) 
(312) 616-5700 (facsimile) 
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2-EthyI-l-hydroxy-2,5,5-trimethyl-3-oxazolidine 
(OX AN OH), the one-electron reduction product of the 
stable nitroxide radical, 2 -ethyl-2 , 5 ,5-trimethyl- 3 -ox- 
azolidinoxyl (OXANO), is reportedly oxidized by su- 
peroxide, and its oxidation has been proposed as a 
method for assaying superoxide. We find that super- 
oxide can both reduce OXANO and oxidize OXANOH. 
The respective rate constants, h x and kz 9 were deter- 
mined using two superoxide-generating systems (xan- 
thine oxidase/xanthine as well as ionizing radiation). 
OXANOH oxidation and OXANO reduction are both 
inhibitable by superoxide dismutase, pH-dependent 
(4.5-9.3), and result in a steady state distribution of 
[OXANO] and [OXANOH], independent of their initial 
concentrations, i.e. the OXANO/OXANOH couple ex- 
hibits a metal-independent superoxide dismutase- like 
function. Thus it provides a prototype for future de- 
velopment of improved low molecular weight super- 
oxide dismutase mimics which will also function in 
cellular hydrophobic (aprotic) compartments such as 
membranes. 



Although most prokaryotes and eukaryotes are sustained 
by molecular oxygen, 0 2 metabolism results in the production 
of several potentially harmful species such as superoxide and 
its secondary radicals. The key role of constitutive levels of 
superoxide dismutase in protection against oxygen-mediated 
biological damage is extensively documented (1-4). Elevating 
intracellular superoxide dismutase levels was found to further 
lessen damage inflicted by oxygen-derived radicals (5, 6), and 
administering exogenous superoxide dismutase was reported 
to result in an anti- inflammatory effect and to reduce damage 
induced under ischemia/reperfusion (7-9). These promising 
findings prompted the use of exogenous superoxide dismutase 
for various pathologic conditions (7-9). However, the inability 
of superoxide dismutase to penetrate into the cell where 
superoxide is formed has led to a search for membrane- 
permeable low molecular weight compounds possessing su- 
peroxide dismutase like activity (10-14). 

The catalytic dismutation of Or by superoxide dismutase 
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involves alternate reduction and oxidation of the transition 
metal ion in the metalloenzyme in a "ping-pong"-like mech- 
anism (15, 16). Various chelates of iron, manganese, and 
particularly copper readily undergo' similar redox reactions 
and are reportedly effective treatment in animal models of 
inflammation, ulcers, cancer, diabetes, and radiation-induced 
lethality (17). These findings stimulated interest in the 
screening and synthesizing of transition metal chelates pos- 
sessing superoxide dismutase activity. To substitute effec- 
tively for superoxide dismutase in biological systems, a super- 
oxide dismutase mimic should have a reduction potential of 
-0.16 V < < 0.89 V, low reactivity toward oxygen, and be 
nontoxic, water-soluble, cell -permeable, nonimmunogenic, ac- 
tive within the physiological pH range, and relatively stable 
to cell metabolism. The search for superoxide dismutase mim- 
ics yielded a variety of chelates which were efficient catalysts 
for Oa dismutation (10-14). Unfortunately, the metal chelates 
easily dissociate, can catalyze other undesirable redox proc- 
esses in the cell, exhibit high affinity toward proteins and 
arnino acids, and may lose their activity upon binding to' 
cellular components ( 18) . 

Results from studies of Ot radical and nitroxide spin ad- 
ducts (19, 20) indicated that superoxide can react with nitrox- 
ides in a metal-free fashion. Stable nitroxide radicals have 
been used as biophysical tools for ESR spectroscopic studies, 
particularly of membranes and proteins (21), and more re- 
cently as contrast agents for in vivo NMR imaging and spin 
label oximetry (22, 23). Not surprisingly, the distribution and 
metabolism of such nitroxides are currently being extensively 
investigated (23, 24). The major pathway by which nitroxide 
spin labels decay within cells is through a one-electron reduc- 
tion to diamagnetic ("ESR-silent") hydroxylamines (22, 24), 
which can be reverslbly oxidized in a transition metal-de- 
pendent reaction (25). One particular hydroxy lamine, 2-ethyl- 

1- hydroxy-2,5,5-trimethyl-3-oxazohdine (OXANOH), 1 is 
readily oxidized at pH 7.8 by superoxide to a stable radical, 

2- ethyl-2,5,5-trimethyl-3-oxazoHdinoxyl (OXANO), with a 
rate constant of 6.7 x 10 8 M~ l s" 1 . OXANOH oxidation by 
Ot is metal-independent and has been employed to detect 
and assay superoxide (25). In the current study we confirm 
that superoxide can oxidize OXANOH to OXANO and find 
that superoxide is also capable of reducing OXANO to OXA- 
NOH. This cyclic reduction and oxidation of superoxide in- 
dicates that OXANO can function as a superoxide dismutase 
mimic. 

EXPERIMENTAL PROCEDURES 

Chemicals — Hypojcanthine (HX) was obtained from Calbiochem; 

3- carbamoy]-2,2,5,5-tetj«jnethyl-3-pyrrolidin* 1 -yloxy and 4-hydrox- 
ypyrazalo [3,4^]pyriinidine (allopurinol) were purchased from Aid- 
rich; xanthine oxidase (EC 1.2.3.2, xanthineroxygen oxidoreductase), 
grade III from buttermilk, xanthine, Cu,Zn-superoxide dismutase, 
diethylenetriaminepentaacetic acid (DTPA), and ferricytochrome c 
(cyt-c m ) were obtained from Sigma. All chemicals were prepared and 
used without further purification.. Distilled-deionized water was used 
throughout all experiments. Unless otherwise stated the experiments 
were conducted at room temperature. The stable nitroxide OXANO 



1 The abbreviations and trivial name used are: OXANOH, 2-ethyl- 
l-hydroxy-2,5,5-trimethyl-3-oxazolidine; OXANO, 2-ethyl-2,5,5-tri- 
methyl-3-oxazolidinoxyl; DTPA, diethylenetriaminepentaacetic acid; 
HX, hypoxan thine; allopurinol, 4-hydroxypyrazolo(3,4-dJpyrmiidine; 
S.S. ? steady state; cyt-c ra , ferricytochrome c. 
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was synthesized as previously described (26), and its hydroxylamine 
OXANOH was prepared by bubbling an OXANO solution with Ha in 
the presence of a platinum catalyst for 45 min (27). 

Electron Spin Resonance — Samples were drawn into a gas-perme- 
able Teflon capillary (Zeus Industries, Raritan, NJ) of 0.81 -mm inner 
diameter, 0.38-mm wall thickness, and 15 cm long. Each capillary 
was folded twice, inserted into an open 2.5-mm, inner diameter, quartz 
tube, and then placed into the ESR cavity. During the experiments, 
gases of desired compositions were blown through the quartz tube 
and around the sample within the ESR cavity. ESR spectra were 
recorded on a Varian E4 (or E9) X-band spectrometer, with the field 
set at 3357 G, modulation frequency of 100 KHz, modulation ampli- 
tude of 1 G, 10 3 ~10* gain, and a nonsaturating microwave power. 
Radical concentrations were calibrated using 3-carbaxnoyl-2,2,5,5- 
tetramethyl-3-pyrrolidin-l-yloxy. 



RESULTS AND DISCUSSION 

Upon exposure of OXANO to HX/xanthine oxidase, a 
superoxide-generating system, OXANO was reduced. The 
OXANO spin loss required the simultaneous presence of both 
xanthine oxidase enzyme and either xanthine or HX, as 
neither the enzyme nor the substrate alone had any effect on 
the nitroxide signal The metal chelating agent DTPA did not 
affect the nitroxide decay, indicating metal independence, but 
adding superoxide dismutase to the reaction system prevented 
the spin loss. The major, though not sole, process by which 
nitroxides decay in biological systems was shown to be a one- 
electron reduction (24). It is possible, therefore, that super- 
oxide reacts with OXANO to yield hydroxylarnine. 
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To test this hypothesis, OXANO was added to the xan- 
thine /xanthine oxidase superoxide-generating system. After 
decay of the nitroxide ESR signal, 10 mM allopurinol (a 
selective inhibitor of xanthine oxidase) and 10 units/ml su- 
peroxide dismutase were added to block further Ot formation 
and effect, followed by the addition of 5 mM ferricyanide. The 
original signal was fully restored, indicating that the spin loss 
caused by superoxide results from a one-electron reduction of 
OXANO to OXANOH. 

Complete reduction of OXANO in the presence of HX/ 
xanthine oxidase was never observed. Instead, a steady state 
residual concentration of the . nitroxide is achieved and main- 
tained as long as the 0£ flux persists. The failure of super- 
oxide to reduce completely all the nitroxide agrees with pre- 
vious reports that OXANOH and O^ react to yield OXANO 
(25). 
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Adding Equations 1 and 2 together yields the following 
dismutation reaction. 



2H + + 20f H 2 0 2 + 0 2 



(3) 



In the presence of 0 2 and OJ\ Reactions 1 and 2 result in a 
steady-state distribution of OXANO and OXANOH concen- 
trations. Since the superoxide-driven depletion and genera- 
tion reactions of OXANO appear to be coupled, the overall 



rate equation for OXANO is as follows. 
d[OXANO]/dr = [OXANOH] -[OS*] + 

k-i * [Oa] . [OXANOH] - A,. [OXANO]- [Or] 



(4) 



At steady state, d[OXANO]/dt « 0, and the following is 
expected. 



[OXANO]/[OXANOHJ - Vfe + *e_i • [Q*3/*i - % [Of] 



(5) 



To verify the steady-state assumption, [OXANO] was varied 
between 2 and 500 /iM, exposed to HX/xanthine oxidase at 
pH 7.3, and the residual ESR signal intensities monitored. 
The oxygen concentration was kept constant by the use of a 
gas-permeable Teflon capillary. The OXANO was partly re- 
duced, but the relative unreduced fraction remained the same 
indicating that the steady-state concentration ( [OXANO] s^.) 
depends on [OXANO]/[OXANOH], not on [OXANO]^. 
Similarly, various concentrations of OXANOH were exposed 
to the HX/xanthine oxidase superoxide-generating system 
and scanned for the ESR signal to deterrnine the final [OX- 
ANO]s.s.- The relative [OXANO]sjs. was found to be the same 
as that observed when OXANO was the starting reagent. 
With increasing fluxes of O? generated by a 10-fold increase 
of [XO] at constant pH, [OXANO] s .s. slightly decreased 
(—30%) as anticipated by Equation 5. 

Since H0 2 and Of generally differ in their reactivities, the 
ratio ki/ki was anticipated to vary with pH, and proof was 
obtained when either OXANO or OXANOH was incubated 
with HX/xanthine oxidase at different pH values, and the 
final ESR signal of [OXANOJs^. was measured. The results 
show, as illustrated in Pig. 1, an increase of [OXANO] sjsJ 
([OXANO]s.s. + [OXANOHlas.) with pH which suggests the 
.respective increase of kz/ki with pH. 

The kinetics of OXANO reduction were examined using 
the competition reaction for Ot against cyt-c m . The super- 
oxide radicals, for which both OXANO and cyt-c m compete, 
were generated enzymatically by HX/xanthine oxidase when 
[cyt-c ra ] was held constant while [OXANO] was varied. The 
rates of cyt-c m production in the absence ( V) and the presence 
(l>) of OXANO were determined and the data analyzed as 
shown in Fig. 2A. The kinetics of OXANOH oxidation were 
studied using a 137 Cs ^-source to produce superoxide radicals 




Fig. 1. The pH dependence of the steady- state concentra- 
tion distribution of [OXANO]/([OXANO] + [OXANOH]) under 
superoxide flux. The steady-state residual ESR signal following 
exposure of 10 mm OXANO (open symbols) or OXANOH (closed 
symbols) in 50 mM phosphate and 25 jiM DTPA to a constant Oa" flux 
under various pH values is shown. The residual fraction of OXANO 
is displayed versus pH as a percentage of initial total concentration 
([OXANO] + [OXANOH]). Superoxide was generated enzymatically 
with 4 mM hypoxanthine and 0.033 unit/ml xanthine oxidase under 
air at room temperature. 



Low Molecular Weight Superoxide Dismutase Mimic 



17923 




3 •i ' ' 1 ' ' 1 ' ' 1 ■ ' 1 

0 2 4 6 8 

f OXANO] niM 




-H 1 1 

0-0 0.1 0.2 

50DUM 

FIG. 2. The determination of £i<oxano+o?> and /^(oxanoh+oJ-) 
by competition reactions, a, inhibition of superoxide-mediated 
reduction of cyt-c m by OXANO. 0.1 mM ferricytochrome c (cyt-c m ) 
in 10 mM phosphate buffer, pH 6.5, 25 jiM DTP A was incubated with 
1 mM hypoxanthine and 0.001 unit/ml xanthine oxidase. Formation 
rates of cyt-c m were monitored spectrophotometrically at 550 run in 
the absence (V) and in the presence (v) of various OXANO concen- 
trations. Data were analyzed by plotting V/v — 1 versus [OXANO], 
and ki was calculated, knowing k cy i^ t . W p«te36da i according to V/v — 1 
+ fci . [OXANOJ/^hl^^ - [cyt-c IU ]. o, inhibition of OXANOH 
oxidation by superoxide dismutase (SOD). 100 /tM OXANOH in 10 
mM phosphate buffer, pH 8.15, 5 mM formate, and 25 /tM DTP A were 
7 -irradiated at room temperature under air for 6 min at a dose rate 
of 1.05 gray .min" 1 . Under these conditions all primary radicals were 
converted into Of and the rates of OXANOH oxidation in the absence 
( V) and in the presence (v) of various superoxide dismutase concen- 
trations were determined by measuring the formation of OXANO 
ESR signal (units of superoxide dismutase are defined by the assay 
method of McCord and Fridovich (1)). The results were analyzed by 
plotting V/v — 1 versus [SOD] , and was evaluated according to: V'/ 
v — 1 + fc.uperakk dumutu** [superoxide dismutase]/^ - [OXANOH]. 

radiolytically in aerated phosphate buffer containing 5 mM 
formate, 25 /tM DTPA, and OXANOH. Under such conditions 
all primary radicals generated from water radiolysis are con- 
verted into Of- Superoxide dismutase was used to compete 
for the Of radicals (25) while [OXANOH] was held constant. 
The amount of OXANO formed was assayed by measuring its 
ESR signal, and the results were analyzed as illustrated in 
Fig. 2B. To study the pH dependences of ki and fe, the 
experiments described in Fig. 2 were repeated over a wide pH 
range. For the calculation of ki the pH-dependent values for 
^cyt-c m +miperoxide were used (28), while for the calculation of k z 
the activity of superoxide dismutase was standardized against 
cyt-c m (1). As presented in Fig. 3 the results show that both 
ki and h 2 increase with [H*]. Yet, the marked increase in &i 
causes the pH dependence plots of k x and h% to cross each 
other. As seen in Fig. 1 the relative ratio of hi and at 
various pH values reasonably agrees with the pH dependence 
of [OXANOks.. In the presence of O? at pH > 8 where hi <sc 
k% OXANO predominates, whereas at pH < 7 where ki » ha. 
most of the nitroxide persists in the reduced form. 

Since no acid-base equilibrium is envisaged for OXANO 
(29), the strong pH dependence of hi is attributable to differ- 
ent reactivities of O? and HOa ; In such a case the effective 
rate constant hi would depend on the relative distribution of 




Fig. 3. The pH dependences of Ai<oxako+o£> and 
&2(oxanoh+o£> The kinetics of superoxide reactions with OXANO 
(Equation 1) and OXANOH (Equation 2) were studied over a wide 
pH range, the rate constants were evaluated as shown in Fig. 2, and 
the pH dependences of k x (open symbols) and hi (closed symbols) are 
displayed. The marked effect of pH on k t was analyzed by fitting a 
"single piT* equation to the observed data, ki = h llo t) + (&i(HOi) — 
*woj))-l&Q-PHn/(l + i£eq-[rT*"J), assuming different rate constants 
for OXANO reactions with Of and with its protonated form (HO a). 
Curve fitting was performed, using the MLAB computer program, 
assuming pK = 4.78 for Oa"/HOa. 



the two superoxide forms and consequently on the pH and 
the characteristic pK = 4.78 for O^/HOi. The pH dependence 
of ki was analyzed by fitting a "single pK" equation to the 
experimental points to yield k x values of 7.1 X 10 5 M~ l s" 1 and 
1.3 X 10 3 M~ l sT 1 for HOa and Or, respectively, from which 
the solid line shown in Fig. 3 was traced. The rate constant 
fc-i was determined directly by placing 1 mM OXANOH in 
phosphate buffer (pH 6, 8, and 9) containing 50 nU DTPA 
within the ESR spectrometer in a gas-permeable capillary, 
while oxygen was flowed around the sample. The gradual 
appearance of OXANO signal followed pseudo-zero order 
kinetics. OXANOH was oxidized at a rate of 0.25 aim -min" 1 , 
with a second order rate constant k-i estimated as 0.004 m~ x 
s" 1 . 

As was previously discussed (30), for other superoxide dis- 
mutase mimics, the actual observed Value of the cata- 
lytic rate constant differs from its limiting value (/test). 

feapp = 2W<*i + *fc + *-i[0*]/[Or] (6) 

~ 2fe x + *2> (7) 

K PP is always less than k^ u due to the oxidation of the reduced 
catalyst by oxygen, with a rate constant of h~i. However, a 
comparison of fe, fe, and k-i values suggests that under high 
Ot flux, while &-i[0 2 ]/[0£"] <z (hi + h%) t h^p approaches ha*. 
Previous attempts to develop superoxide dismutase mimics 
resulted in metal chelates such as (phenanthroline) 2 Cu or 
(histidine) 2 Cu having high reactivity toward oxygen (large 
k-x) which resulted in apparent catalytic constants, k^, much 
lower than feat (16). In contrast, the slow reaction with oxygen 
is a tremendous advantage of OXANO having h- x <K k u thus 
"enabling" Aopp(oxano) to approach A^^oxano) with a conse- 
quent improved superoxide dismutase mimic activity. More- 
over, cell permeability, low toxicity, relative stability, and 
solubility in both lipophilic and hydrophilic compartments 
make OXANO/OXANOH a promising superoxide dismutase 
mimic. fccatcoxxNO) is 5 orders of magnitude lower than 
^aiKsupeKnidediBmutose); however, in view of the potentially high 
concentrations achievable of OXANO/OXANOH the redox 
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pair may well be effective, particularly in places where super- 
oxide disrnutase is excluded such as cell membranes. 

The biological implications of the present observations of 
this metal-free superoxide disrnutase mimic might be far 
reaching. The OXANO spin label, which is soluble both in 
polar and nonpolar solvents and is relatively stable within 
cells, certainly exhibits a superoxide disrnutase mimic activity. 
As this compound, in the millimolar range, is nontoxic 2 it 
might substitute for and augment superoxide dismutase-pro- 
tective functions both inside and outside the cells. Results 
from preliminary studies indicate that other oxazolidine ni- 
troxides also show superoxide dismutase-like activity. We are 
currently investigating the generality of this reaction of ni- 
troxides, its specific requirements, and the degree of diver- 
gence within the oxazolidine system that will still serve as 
superoxide disrnutase mimic. It is likely that a chemical 
modification will yield other superior nitroxides with im- 
proved catalytic efficiency and more selective biological activ- 
ity. 
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abstract: Superoxide dismutase (SOD) is an enzyme that detoxifies superoxide (0 2 - "), a potentially toxic 
oxygen-denvcd species. Attempts to increase intracellular concentrations of SOD by direct application are 
complicated because SOD, being a relatively large molecule, does not readily cross, cell membranes We 
have identified a set of stable nitroxides that possess SOD-like activity, have the advantage of being low 
molecular weight, membrane permeable, and metal independent, and at pH 7.0 have reaction rate constants 
with 0 2 - ranging from 1.1 X 10 3 to 1.3 X 10* M~* s" 1 . These SOD mimics protect mammalian cells from 
damage induced by hypoxanthine/xanthine oxidase and H 2 0 2 , although they exhibit no catalase-like activity 
In addition, the mtroxide SOD mimics rapidly oxidize DNA-Fe" and thus may interrupt the Fenton reaction 
* nd P r £ vc . nt formaU °n of deleterious OH radicals and/or higher oxidation states of metal ions. Whether 
by SOD-like activity and/or interception of an electron from redox-active metal ions they protect cells from 
oxidative stress and may have use in basic and applied biological studies. 



In an oxygen-containing environment, cellular metabolism 
results in the production of several potentially harmful oxy- 
gen-derived species. The first in this cascade of active oxygen 
metabolites is the one-electron reduction product, superoxide 
(Of). The function of the su peroxide-detoxifying metallo- 
enzyme superoxide dismutase (SOD) 1 in protecting against 
oxygen-mediated biological damage is well documented 
(McCord & Fridovich, 1969; Fridovich, 1972, 1974, 1975; 
Gregory & Fridovich, 1973; Hassan & Fridovich, 1977). 
Increasing intracellular levels of SOD or administering ex- 
ogenous SOD, among other salutary effects, reportedly lessens 
inflammation, decreases ischemia- induced reperfusion injury, 
decreases damage from tumor necrosis factor, and mitigates 
the damage caused by rheumatoid arthritis (Menander & 
Huber, 1977; McCord et al., 1979; McCord, 1985; Clark et 
al., 1988). Such reports have prompted further research to 
explore the clinical utility of administered SOD. Because 0 2 ' - 
can potentially be produced both inside and outside cells and 
because exogenously applied SOD has limited membrane 
permeabililty, detoxification of intracellularly produced 0 2 *~ 
by extracellular SOD would be limited. Hence, compounds 
with SOD-like activity having low molecular weight, biological 
stability, and membrane permeability have been sought. A 
number of metal chelates having SOD-like activity have been 
synthesized (Weinstein & Bielski, 1980; Koppenol et al., 1986; 
Darr et aL, 1987; Nagano et al., 1988). These metal-de- 
pendent agents, however, might become ineffective in cells 
because of metaMigand dissociation with subsequent random 
and potentially deleterious binding of the dissociated metal 
ions to critical cellular constituents (Darr et a I., 1987). Thus, 
metal independence would be a desirable added criterion for 
a potential biologically useful SOD mimic. We have identified 
a family of stable cyclic nitroxidc free radicals that possess 
these characteristics. Our initial observation was that a 
persistent nitroxide spin adduct resulting from the reaction 
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r NCI, National Institutes of Health. 
* Hebrew University. 



between 'OH and DMPO, a commonly used electron spin- 
trapping agent, reacts with superoxide (Samuni et al., 1989). 
We extended the initial observation to show that a related 
stable free radical, 2-ethyJ-2,5,5-trimethyl-3-oxazolidine-I-oxyI 
(OXANO; compound I, Table I), and its hydroxylamine react 
with 0 2 # " independent of metal ions (Samuni et al., 1988). 

H* + O/- + V-O ^ O a + >OH (1) 
H *-» FT 

R' t FT 

H* + Qst— + NOH — H 2 P2 + X-O (2) 
R FT 

Summing reaction 1 and 2 results in 

20 2 " " + 2H + — 0 2 + H 2 O z (3) 
and therefore, OXANO act as a low molecular weight, 
metal-free, SOD mimic. We have synthesized a series of 
chemically related stable nitroxide radicals with varying 
pendent groups and physical characteristics and have deter- 
mined their SOD-like activity. To explore the potential use- 
fulness of these agents, we examined their mechanism of action 
and effects on mammalian cells exposed to oxidative stress 
resulting from either HX/XO or direct H 2 0 2 exposure. 

Experimental Procedures 

Chemicals. Desferoxamine (DF) was a gift from Ciba 
Geigy; hypoxanthine (HX) was purchased from Calbiochem- 
Boehringer Co.; 2,2,6,6-tetramethylpiperidine-l-oxyl (TEM- 
PO), 4-hydroxy-2,2,6,6-tetramelhy!piperidine-I-oxyl (TEM- 
POL), 4-hydroxypyrazo!o[3,4,-£/]pyrimidine (allopurinol), 
p-toluenesulfonic acid, 2-amino-2-mcthyi-l-propanol, 2-bu- 
tanone, and cyciohexanone were purchased from Aldrich 
Chemical Co.; tris(oxalato)chromate(Ill) [K 3 [Cr(C 2 OJ 3 ]- 



1 Abbreviations: EPR, electron paramagnetic resonance; CHD, spi- 
rofcyclohexane- 1 ,2'-doxyl j (spirofcyclohcxanc- 1 ,2'-(4',4'-dimethyl- 
oxazolidineO'-oxyOJl; DTPA. diet hylcnetria mine penLaacctate; OXANO, 
2-ethyJ-2,4,4-trimelhyloxazolidine-3-oxyl;TKMPOL T 4-hydroxy-2,2,6,6- 
tetramethylpiperidine. i -oxyl; TEMPO. 2,2.6,6-tctramcthylpipcridine-l- 
oxyl; SOD, superoxide dismutase; DF. desferrioxamine; XO, xanthine 
oxidase: HX, hypoxanthine. 



This article not subject to U.S. Copyright. Published 1990 by the American Chemical Society 



Superoxide Dismutase Mimics 

3H 2 0] (CrOx) was prepared and recrystallized as previously 
described (Bailar & Young, 1939); xanthine oxidase (EC 
1.2.3.2; xanihinetoxygen oxidoreductase), grade NJ, from 
buttermilk, superoxide dismutase (SOD), and grade V fer- 
ricytochrome c were obtained from Sigma. H 2 0 2 was bought 
from Fisher Scientific Co. XO was further purified on a G-25 
Sephadex column. All other chemicals were prepared and used 
without further purification. Distil led-deionized water was 
used throughout all experiments. 

Synthesis of OxazoJidine Derivatives. Spiro[cyclohexane- 
1,2'-doxyl] [CHD; spiro[cyc!ohcxane-t ,2'-(4',4'-dimethyl- 
oxazolidine-3'-oxyl)]J and 2-clhyl-2,4,4-trimelhyl- 
oxazolidine-3-oxyl (OXANO) as well as other nitroxides were 
synthesized as previously described (Keana et al. f 1967). For 
the general synthesis of the cyclic amines, the appropriate 
starting ketone was reacted with 2-amino-2-methyl-l-propanot 
in benzene in the presence of catalytic amounts of p- 
toluenesulfonic acid. As the cyclic structure formed, water 
was eliminated. The volume of water collected in a Dean- 
Stark apparatus was monitored and used to gauge the reaction 
progress. The amines thus produced were purified through 
fractional distillation under reduced pressure, characterized 
by 220-MHz >H NMR, IR, UV, either EI or CI mass spec- 
troscopy, and subsequently oxidized to the corresponding 
nitroxides by using m-chloroperbenzoic acid. The nitroxides 
were purified by silica flash chromatography (Still et ah, 1978). 
Watcr/octanol ratios were determined by placing a quantity 
of nitroxide in water + octanol within a separator}' funnel. The 
mixture was shaken thoroughly and allowed to separate for 
15 min, whereupon aliquots were taken from both fractions 
and the ratio of nitroxide distribution was determined ac- 
cording to electron paramagnetic resonance (EPR) spectros- 
copy by comparing the intensities of signal obtained under N 2 . 

Ferricytochrome c Reduction Assay. The SOD-inhibitable 
ferricytochrome c reduction assay (Fridovich, 1 985) was used 
to determine rate constants of reaction with 0 2 * Superoxide 
radicals were generated at 25 °C in aerated phosphate buffer 
(50 mM) containing 50 mM DTP A, 5 mM HX, and 10-50 
/xM ferricytochrome c (with or without 65 units/mL catalase). 
The reaction was started by adding 0.01 unit/mL XO, and 
the rate of ferricytochrome c reduction, in the absence ( V) and 
in the presence (v) of various nitroxides, was spectrophoto- 
metrically followed at 550 nm. Both reference and sample 
cuvettes contained all the agents, with the reference containing 
100 units/mL SOD, thereby eliminating spurious reactions 
from interfering with the determination of rale constants. Data 
were analyzed by plotting Vjv> as a function of [nitroxide], 
and k { was calculated, knowing *cyic+superox«ie> according to 
(V/v)- 1 = ^i[nitroxide]//:cytc + superoxi<ic[Cyt-c ,n ]. 

Ceil Culture. Chinese hamster V79 cells were grown in F12 
medium supplemented with 10% fetal calf scrum, penicillin, 
and streptomycin. Survival was assessed in all studies by the 
clonogenic assay. The control plating efficiency ranged be- 
tween 80 and 90%. Stock cultures of exponentially growing 
cells were trypsinized, rinsed, plated (5 X 10 5 cells/dish) into 
a number of 100-mm Petri dishes, and incubated 16 h at 37 
°C prior to experimental protocols. Cells were exposed for 
1 h at 37 °C to cither 0.5 mM hypoxanlhine (HX) + 0.05 
unit/mL xanthine oxidase (XO) for varying lengths of time 
or H 2 0 2 at different concentrations. To assess possible 
modulation in cytotoxicity, catalase, 100 units/mL; SOD, 100 
Mg/mL; DF, 500 mM; and 5 mM of each of the nitroxides from 
Tables I and II were added to parallel cultures. CHD was 
prepared in a stock solution in ethanol and diluted into medium 
such that the final concentration was 5 mM. This resulted 
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in a final concentration of 1% ethanol in the medium which 
was not cytotoxic and did not influence the cellular response 
to HX/XO or H 2 0 2 . TEMPOL is water soluble and was 
prepared directly in tissue culture medium. Neither catalase, 
SOD, DF, CHD, or TEMPOL was cytotoxic alone at the 
concentrations used. DF was added either 2 h prior to or 
immediately before and then left on during treatment while 
the other agents were present only during HX/XO or H 2 0 2 
treatment. Following treatment, cells were rinsed, trypsinized, 
counted, and plated for macroscopic colony formation. For 
each dose determination cells were plated in triplicate and the 
experiments were repeated a minimum of two times. Plates 
were incubated 7 days, after which colonies were fixed with 
mcthanol/acetic acid, stained with crystal violet, and counted. 
Colonies containing >50 cells were scored. Error bars rep- 
resent SD of the mean and are shown when larger than the 
symbol. 

Some studies required exposure to H 2 0 2 under hypoxic 
conditions. For these studies cells dispersed in 1.8 mL of 
medium were plated into specially designed glass flasks (Russo 
et aL, 1985). The flasks were sealed with soft rubber stoppers, 
and 1 9-gauge needles were pushed through to act as entrance 
and exit ports for a humidified gas mixture of 95% nitro- 
gen/5% C0 2 (Mathcson Gas Products). Each flask was also 
equipped with a ground-glass side-arm vessel which when 
rotated and inverted could deliver 0.2 mL of medium con- 
taining H 2 0 2 at a concentration that when added to the cell 
monolayer resulted in a final concentration of H 2 0 2 of 600 
/xM. Stoppered flasks were connected in series, mounted on 
a reciprocating platform, and gassed at 37 °C for 45 min. This 
gassing procedure results in an equilibrium between the gas 
and liquid phase (in both the medium over the cell monolayer 
and the solution in the side arm) and yielded oxygen con- 
centrations in the effluent gas phase of <10 ppm as measured 
by a Thermox probe (Russo et al., 1985). After 45 min of 
gassing, the hypoxic H 2 0 2 solution was added to the cell 
monolayer culture. The cells were exposed to H 2 O a for 1 h 
under hypoxic conditions. N 2 gas flow was maintained during 
the H 2 6 2 exposure. In parallel flasks, DF and CHD were 
added as described above and were present during the entire 
gassing procedure. Following treatment cell survival was 
assessed as described above. 

Electron Paramagnetic Resonance. For EPR experiments 
samples (0.05-0.1 mL) of either solutions of chemicals or cell 
suspensions were drawn by a syringe into a gas-permeable 
teflon capillary of 0.8 mm inner diameter and 0.05 mm wall 
thickness (Zeus Industrial Products, Inc., Raritan, NJ). Each 
capillary was folded twice, inserted into a narrow quartz tube 
which was open at both ends (2.5 mm i.d.), and then placed 
horizontally into the EPR cavity. During the experiments, 
gases of desired compositions were blown around the sample 
without having to disturb the alignment of the tube within the 
EPR cavity. EPR spectra were recorded on a Varian E4 (or 
E9) X-band spectrometer, with field set at 3357 G, modulation 
frequency of 100 KHz, modulation amplitude of 1 G, and 
nonsaturating microwave power. The EPR spectrometer was 
interfaced to an IBM-PC through an analog-to-digital con- 
verter and a data translation hardware (DT2801), and the 
spectra were digitized by using commercial acquisition soft- 
ware, enabling subtraction of background signals. To study 
the kinetics of the spin loss, the spectra were deliberately 
ovcrmodulatcd, and the magnetic field was kept constant while 
the intensity of the EPR signal was followed. 

H 2 0 2 Assay. Hydrogen. peroxide was assayed by using a 
YSI Model 27 industrial analyzer (Yellow Springs Instru- 
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Tabic f: Five- M ember ed Oxazolidine-3-oxyl (Doxyl) 



nitroxide ring substitucnts ^fn." 
notation R, R 2 yield (%) cient" 



I 
II 
III 
fV 

V 



OXANO 



CHD 



CH 3 C 2 H S 
CH 3 C 5 H, 
CH 3 C 4 H 9 

spirocyclohcxyl 
CH 3 C 6 H 5 



42 
52 
49 
77 
22 



10 
145 
58 
80 
720 



"Octanpl/ water. 



Table II: Kinetic Data: SOD-like Activity of Five- and 
Six-Membered Cyclic Nitroxides 



chemical 
structure: 



o o o o 



TEMPOL TEMPO 



OXANO 



100 



too 



50 



CHD 
30 

3.5 X 10 3 



nitroxide 

notation 
steady- 
state 
EPR 
signal 
(%)' 

^r-rno+Oj.- 3.4 X 10 s 1.3 X I0 6 1.1 x I0 3 
s")» 

* Steady-state EPR signal of nitroxides {% from total RTtNO + 
R'RNOH) after exposure to 5 mM HX + 0.03 unit/mL XO in air- 
saturated PBS, pH 7.2. *Rate constants were determined at low ionic 
strength (10 mM HE PES), pH 7.0, and 22 °C . 

ments) equipped with a selective electrode for H 2 0 2 . For 
analysis of cellular preparations, the cells, except during the 
brief time required for removal of aliquots for analysis, were 
kept in T25 culture flasks maintained at 37 °C in complete 
medium (pH 7.2). Aiiquots of 25 piL were sampled from the 
reaction or cell preparation system at varying time points and 
injected into the analyzer. [H 2 OJ was determined after 
calibrating the instrument with known concentrations of H 2 0 2 . 
The concentrations of standard H 2 0> solutions were calibrated 
according to the iodometric assay (Hochanadel, 1952). 

Results 

Nitroxide Synthesis and Characterization. To check 
whether oxazolidineoxyl derivatives other than OXANO 
manifest SOD-like activity, we synthesized several nitroxides 
having different ring substituents. Table 1 shows representative 
synthesized nitroxides with accompanying physical charac- 
teristics. Exposure of these five-membered cyclic nitroxides 
to O a — flux formed by HX/XO resulted in a decrease in their 
EPR signal, as previously found for OXANO (Samuni et al., 
1 989). After terminating the HX/XO reaction by allopurinoi, 
the nitroxide spin loss was reversed by adding 0.5 mM fer- 
ricyanide, indicating that 0 2 '~ reduces the nitroxide to its 
respective hydroxylamine (Samuni et al., 1989). On the other 
hand, no effect of 0 2 -"on the EPR signal of six-membered 
ring nitroxides such as TEMPO and TEMPOL was detectable 
(see Table II). The failure of superoxide to affect TEMPO 
and TEMPOL apparently suggested that six-membered cyclic 
nitroxides lack SOD-like activity. As a further check, the 
reaction of representatives of both five- and six-membered 
cyclic nitroxides with 0 2 " was studied. Superoxide flux was 
generated by HX/XO reaction system, and the nitroxide effect 
on the SOD-inhibitable reduction of ferricytochrome c was 
followed spectrophotometricaliy (Fridovich, 1985). All of the 
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FIGURE 1 : EPR spectra of CHD and TEMPOL demonstrating the 
partitioning of each nitroxide (1 mM) in both the intra- and extra- 
cellular space of V79 cells. The EPR signal intensity of the total 
concentration of CHD or TEMPOL (intra- and extracellular) in 6.4 
X 10 7 V79 cells/mL (traces A and C) and in the presence of 1 10 mM 
tris(oxaiato)chromiate (CrOx) (traces B and D). The gains for 
individual spectra are as cited in the individual traces. 

stable nitroxide radicals studied demonstrated reaction with 
0 2 *~. The rate constants of the synthetic nitroxides' reaction 
with 0 2 '~ at low ionic strength (10 mM HEPES) and pH 7.0 
ranged from 1.1 X !0 3 to 1.3 X 10* M" 1 s" 1 (see Table II), 
as compared with 2.3 x 10 9 M H s" 1 for k^ x of native SOD. 

None of the nitroxides shown in Tables I and II exhibited 
cytotoxicity (determined by clonogenic assay) in V79 cells 
exposed for I h at 5 mM. For subsequent studies the most 
lipophilic nitroxide, CHD, and the most hydrophilic one, 
TEMPOL, were chosen. 

Nitroxide Intracellular Localization. Traces A and C of 
Figure 1 illustrate the EPR signal from I mM CHD and 
TEMPOL, respectively, suspended with 6.4 x 10 7 V79 
cells/mL. This EPR signal represents the total concentration 
of intra- and extracellular CHD or TEMPOL. Tris(oxala- 
to)chromate is a paramagnetic broadening agent which re- 
mains excluded from the intracellular volume space and causes 
the EPR signal from extracellular species to become nonde- 
tectable (Lai, 1988). When cells were added to CHD or 
TEMPOL in the presence of 1 10 mM tris(oxalato)chromiate, 
a much smaller yet observable intracellular signal was detected, 
as shown in Figure IB,D. The observable line broadening and 
loss of the hyperftne structure of the intracellular signal in- 
dicate that CHD % though not TEMPOL, has decreased free- 
dom of motion (anisotropy) within the intracellular environ- 
ment and is located primarily in a membranous compartment 
as can be anticipated on the basis of the difference between 
their lipophilicities. 

Protection from Oxidative Damage. To expose the cells to 
oxidative stress, they were incubated with HX/XO. Figure 
2 shows a survival curve for cells exposed to HX/XO. Cell 
survival was not altered when SOD was present during the 
HX/XO exposure. In contrast, 5 mM CHD or TEMPOL 
fully protected the cells. The other nitroxides, presented in 
Tables I and II, afforded similar protection (data not shown). 
Figure 2 also shows that either catalase or DF provides com- 
plete protection from HX/XO-dcrived damage. Complete 



Superoxide Dismutase Mimics 



Biochemistry, Vol. 29. No, 11 . 1990 2805 




0 10 20 30 40 50 60 

'firm: (mioj 



figure 2: Protection from HX/XO-induced cell killing. Chinese 
hamster V79 cells in full medium at 37 °C were exposed to 0.05 
unit/mL XO + 0.5 mM HX for various time periods in the presence 
of various additives: (•) control, no additives; (■) 100 units/mL 
cataiase; (O) 100 units/mL SOD; (□) 500 ftM DF, preincubated for 
2 h with the cells prior to addition of XO; (A) 5 mM CHD; (a) 5 
mM TEMPOL. 
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figure 3: Protection from H 2 0 2 -induced cell killing. The effect of 
various agents on cell survival was measured by clonogenic assay of 
Chinese hamster V79 cells exposed in full medium at 37 °C to various 
concentrations of H 2 0 2 for 1 h: (•) control, no additives; (■) J 00 
units/mL cataiase; (O) 100 /zg/mL SOD; (□) 500 tiM DF, prein- 
cubated for 2 h with the cells prior to H 2 O z addition; (A) 5 mM CHD; 
(A) 5 mM TEMPOL. 

protection by DF required a 2-h preincubation with DF before 
cells were exposed to HX/XO, whereas DF addition simul- 
taneously with HX/XO offered only partial protection (data 
not shown). 

One interpretation of the data shown in Figure 2 was that 
H 2 0 2 is the principal cytotoxic species produced by the 
HX/XO system (Link & Riley, 1988). This assumption is 
based on the fact that extracellular cataiase provided complete 
protection from HX/XO (Figure 2). To test if cell protection 
by the SOD mimic resulted by preventing the effect of H 2 0 2 , 
cells were exposed to H 2 O z as shown in Figure 3. The results 
of these experiments were identical with those shown in Figure 
2, in that SOD did not protect, but cataiase, DF, TEMPOL, 
and CHD provided complete protection against H 2 0 2 cyto- 
toxicity. At this point it was questioned if CHD might have 
other features apart from acting as a SOD mimic, namely, 
whether CHD affects H 2 0 2 concentration. Figure 4 shows 
the concentration of H 2 <5 2 in tissue culture exposed to HX/ 
XO. With time there was a buildup followed by a slow decline 
in [H 2 0 2 J. The presence of CHD did not significantly alter 
the pattern of H 2 0 2 accumulation by HX/XO. Thus, the 
cellular protection afforded by CHD to HX/XO and H 2 0 2 
could not be attributed to a direct reaction of CHD with H 2 O z . 

Even with direct exposure of cells to H 2 0 2 there is the 
possibility that superoxide could be produced intracellularly 
as a result of the H 2 0 2 treatment. If superoxide were produced 
intracellularly, CHD protection of cells from HX/XO and 
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FIGURE 4: Nitroxide effect on accumulation and decay of H 2 0 3 upon 
exposure of cells to HX/XO. Chinese hamster V79 cells were plated 
in full medium and incubated at 37 °C with 5 mM HX + 0.04 
unit/mL XO, sampled at various time points, and assayed for H 2 0 2 
by using a hydrogen peroxide selective electrode. 




figure 5: Survival of Chinese hamster V79 cells exposed to 600 
H 2 0 2 ± DF or CHD in full medium at 37 °C for 1 h under hypoxic 
conditions. 

H 2 0 2 might be expected, given the findings that CHD can 
penetrate intracellular spaces as shown in Figure I. To test 
if the cytoprotection provided by CHD was solely a result of 
its reaction with superoxide, CHD effectiveness was examined 
when H 2 0 2 was applied to cells incubated in an hypoxic en- 
vironment, conditions in which the chance for superoxide 
formation would be significantly limited. As is seen in Figure 
5, CHD protects against H 2 0 2 cytotoxicity even under hypoxic 
conditions. 

Figure 5 also shows that DF provides complete protection 
to H 2 0 2 cytotoxicity under hypoxic conditions. The pattern 
of DF protection shown in Figures 2, 3, and 5 suggested that 
the cytotoxicity of HX/XO and H 2 0 2 may directly involve 
intracellular reduction of H 2 0 2 by ferrous ion to produce the 
highly toxic "OH. It was also questioned whether the aerobic 
and hypoxic protection by CHD to H 2 0 2 exposure was a result 
of CHD directly accepting electrons from ferrous ions, thereby 
preventing generation of *OH. Because cellular iron is che- 
lated, the possible reaction of nitroxide with chelated iron(II) 
was examined by repeating the experiment in the presence of 
DNA. To study the possibility of nitroxide-induced oxidation 
of transition metals, CHD was hypoxically mixed with iron(II) 
in the presence of 0.1 mg/mL salmon DNA. Consequently, 
DNA-Fe" 1 was formed and the nitroxide EPR signal disap- 
peared. The reaction kinetics were investigated by maintaining 
either CHD or Fe(ll) in excess while the absorbancc due to 
DNA-Fe IU and the nitroxide spin loss were monitored re- 
spectively (Figure 6). Both the decay of the EPR signal and 
the appearance of the OD 353mn obeyed pseudo- first-order ki- 
netics from which the second-order reaction rate constant was 
calculated as 44 M" 1 s" 1 or 33 TvT 1 s" 1 by using the data from 
EPR or optical absorption, respectively. When TEMPOL was 
hypoxically mixed with DNA-Fc", a similar reaction took 
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figure 6: Reaction between CHD and DNA-Fe 11 . CHD in 50 mM 
MOPS buffer, pH 7.0, was anoxically mixed at 22 °C with DNA-Fe 11 . 
All solutions always contained 0,1 mg/mL salmon DNA. The ap- 
pearance of DNA-Fe 1 11 was spectrophotometries tly monitored at 353 
nm, whereas the spin loss of CHD was monitored by following its 
EPR signal. To study the time dependence of AOD JH(Mn (Oh 1 mM 
CHD was mixed with 0.1 mM Fe(II). To follow the spin loss of CHD 
(D), I mM Fc(II) was mixed with 0.1 mM CHD. Inset: Time 
dependence of In (EPR signal) (a) and of In (OD. - OD ( ) (O). 

place having a second-order reaction rate constant of 40 M H 
s" 1 . The spin loss was completely reversed by adding 2 mM 
ferricyanidc, thus indicating that DNA-Fe 11 reduced the re- 
spective nitroxide to its hydroxylamine. 

Discussion 

The recent finding that OXANO can function as a met- 
al-independent SOD mimic (Samuni et al., 1988) opened the 
possibility that nitroxides, which have already found consid- 
erable utility in both EPR and NMR spectroscopy (McCon- 
ncll, 1976; Magin et al., 1986; Swartz et al., 1986), might also 
exhibit unique biological characteristics. The data presented 
here evaluating representative five- and six-membered ring 
nitroxides clearly demonstrate their utility in protecting 
mammalian cells against oxidative stress. In our experiments 
using two different means of inducing cytotoxicity, all nitr- 
oxides tested afforded protection. Initially, when considering 
the large difference in catalytic capabilities between native 
SOD and the nitroxide SOD mimics, it would appear that the 
mimics would be less than ideal for biological applications. 
However, since nitroxide SOD mimics can be used at relatively 
high concentrations without cytotoxicity and are capable of 
penetrating through membranes into the cellular compart- 
ments, the effective detoxification of intracellular superoxide 
seems plausible. 

In both systems used to access cytotoxicity (HX/XO and 
direct H 2 0 2 exposure), extracellular application of SOD did 
not offer protection. There are several conclusions that can 
be drawn from this finding. Possibly extracellular superoxide 
does not have any inherent toxicity, and therefore applying 
an agent like SOD extracellularly would afford little benefit. 
Another possibility is that the HX/XO-derived superoxide is 
only toxic after it crosses the cell membrane. However, the 
amount of SOD applied (Figure 2) is sufficient to have con- 
verted all of the extracellularly generated superoxide to H : 0 2 . 
Therefore, we conclude that exogenousiy produced superoxide 
is not in and of itself responsible for cytotoxicity. If exogenous 
0 2 " ' is not responsible for the toxicity, what is? Since the 
HX/XO system produces both H,0 2 and O/" (which yields 
H 2 0 2 ), the former appears to be the major initial cytotoxic 
species produced by HX/XO (Link & Riley, 1988). The 
present results support this conclusion. Both catalase and DF 
(see Figure 2) protected from both HX/XO and H : 0 2 by 
inhibiting the Fenton reaction (Rush & Koppenol, 1986): 

DNA-Fe" + H 2 0 2 — DNA-Fe n -H 2 0 2 (4) 



The peroxo complex can generate 'OH radicals and/or higher 
oxidation states of the metal (Masarwa et al., 1988): 

DNA-Fc"-H 2 0 2 — DNA-Fe" 1 + OH" + 'OH (4a) 

DNA-Fe Il -H 2 0 2 — DNA-Fe IV + 20H" (4b) 

By catalyzing H 2 0 2 production through reactions 1 and 2, 
CHD and T EM POL might be expected to increase cytotox- 
icity; however, reactions 4, 4a, and 4b constitute only the 
second half of the Habcr- Weiss reaction (Fenton reaction), 
the first half being a su peroxide-driven reduction of ferric ion 
to the oxidized metal, i.e. 

Fc 111 + 0 2 -~ — Fe" + 0 2 (5) 

Removal of either the labile intracellular ferric ion (by che- 
lators such as DF) or removal of intracellular superoxide (by 
SOD mimics such as CHD or TEMPOL) could result in 
cessation of *OH production and a decrease in toxicity as is 
demonstrated in Figures 2, 3, and 5. 

Further, we have demonstrated that nitroxides are reduced 
by Fe(il) chelated to DNA. The reaction rate of CHD with 
DNA-Fe 11 (see Figure 6) is comparable with that of H 2 0 2 plus 
Fe(II) (68 M' 1 s-») (Kozlov ct al., 1974). This comparison, 
however, might be inconsequential because the exact nature; 
concentrations, and sites of redox-active iron within the cell 
are not known, nor is the rate of reaction of DNA-Fe" with 
H 2 0 2 ; hence, direct comparison to the CHD reaction with 
DNA-Fe 11 is not possible. Yet, it is possible that where 
[nitroxidej » [H 2 0 2 ], redox-active iron would react with 
nitroxide in preference to H 2 0 2 

FT ~ FT 

DNA-Fe 2 * + N* — O + H* — DNA-Fe 3 * + NOH (6) 
R 

therefore preempting the intracellular generation of B OH 
through reactions 4 and 4a. 

Nitroxide also protected (Figure 5) when H 2 O z treatment 
was conducted under hypoxic conditions, where the availability 
of oxygen for the formation of intracellular 0 2 * " generation 
is greatly if not completely eliminated. It should be noted that, 
even in the absence of oxygen, intracellular catalase could 
convert H 2 0 2 to oxygen which might then become available 
to form superoxide. Thus, it cannot be stated categorically 
that nitroxides protect independent of reactions with intra- 
cellular superoxide. Yet, taken together, our data suggest that 
(a) the major intracellular toxicity of superoxide may be an 
indirect contribution to "OH production rather than direct 
reactions with biological molecules like DNA and (b) the 
beneficial function of intracellular SOD might be in decreasing 
metal-catalyzed *OH production. Such a function for SOD 
is consistent with the seemingly incongruous relatively low 
direct reactivity of superoxide (Sawyer & Valentine, 1981). 
An alternative explanation for the nitroxide protective effect 
can be found by assuming that they react with and detoxify 
secondarily produced organic free radicals. Although nitroxide 
free radicals are relatively stable, they rapidly couple with 
carbon-centered and oxygen-ccntcrcd free radicals and exhibit 
diffusion-controlled reaction rate constants. Such a detoxi- 
fication was recently found to decrease lipid peroxidation in 
cell-free systems (Takahashi et al., 1989; Nilsson et al., 1989). 

In addition to ameliorating cytotoxicity as shown in Figures 
2, 3, and 5, the penetration of the nitroxides into intracellular 
spaces could possibly allow for a better understanding of in- 
tracellular damage sites of superoxide and/or H : 0 2 . The 
design and synthesis of other nitroxide SOD mimics that can 
be used to probe specifically the effects of 0 ; *~ within different 
cellular compartments and organelles may, in part, be based 
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on simple lipid/water partitioning coefficients. Since the 
partitioning ratio between membranous and intracellular or 
extracellular aqueous compartments can be approximated by 
the octanol /water partition coefficient, then in addition to the 
design of specific site-directed stable nitroxide radicals one may 
be able to produce a first generation of mimics with more 
aqueous or lipid activity (Tabic 1). We arc jusi beginning to 
explore these possibilities. 

The nitroxide based SOD mimics described here are tol- 
erated by mammalian cells and act to protect against oxidative 
damage, whereas extracellular application of SOD does not 
offer such protection. It is anticipated that these SOD mimics 
or similar derivatives may find use as basic biologic probes 
to study the effects of superoxide acting in specific cellular 
compartments. Additionally, they might be used to probe the 
intracellular mechanisms of *>edox-active w drugs that osten- 
sibly mediate damage through specific oxygen metabolites. 
Our finding may ultimately have application in protection from 
biologic damage caused by postischemic reperfusion injury 
associated with reopening of arteries after heart attacks or 
strokes, as well as lessening the life-threatening toxic effects 
of exposure to elevated oxygen concentration as is sometimes 
necessary while providing life support during acute care. 
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ABSTRACT Dismutation of superoxide has been shown 
previously to be catalyzed by stable nitroxide compounds. In 
the present study, the mechanism of superoxide (0 2 ) dismu- 
tation by various five-membered ring and six-membered ring 
nitroxides was studied by electron paramagnetic resonance 
spectrometry, UV- visible spectrophotometry, cyclic voltamme- 
try, and bulk electrolysis. Electron paramagnetic resonance 
signals from the carbocyclic nitroxide derivatives (piperidinyl, 
pyrrolidinyl, and pyrroHnyl) were unchanged when exposed to 
enzymatically generated O2 » whereas, in the presence of *0 2 
and reducing agents such as NADH and NADPH, the nitroxides 
underwent reduction to their respective hydroxylamines. The 
reaction of 4-hydroxy-2,2,6,6-tetramethyM-hydroxypiperi- 
dine (Tempol-H) with OJ was measured and, in agreement 
with earlier reports on related compounds, the rate was found 
to be too slow to be consistent with a mechanism of *0 2 
dismutation involving the hydroxylamine as an intermediate. 
VoHammetric analyses of the carbocyclic nitroxide derivatives 
revealed a reversible one-electron redox couple at positive 
potentials. In contrast, oxazolidine derivatives were irrevers- 
ibly oxidized. At negative potentials, all of the nitroxides 
studied exhibited a broad, irreversible reductive wave. The 
rate of *OJ dismutation correlated with the reversible midpoint 
redox potential. Bulk electrolysis at positive potentials was 
found to generate a metastable oxidized form of the nitroxide. 
The results indicate that the dismutation of Of is catalyzed by 
the oxoammonium /nitroxide redox couple for carbocyclic 
nitroxide derivatives. In addition to the one-electron mitochon- 
drial reduction pathway, the present results suggest the pos- 
sibility that cellular bioreduction by a two-electron pathway 
may occur subsequent to oxidation of stable nitroxides. Fur* 
thennore, the cellular destruction of persistent spin adduct 
nitroxides might also be facilitated by a primary univalent 
oxidation. 

Stable nitroxide free radicals have found a wide range of 
applications in biology and medicine. These compounds have 
been used to monitor intracellular redox reactions (1), oxygen 
concentration (2), and pH (3), as well as electron paramag- 
netic resonance (EPR) microscopy of spheroids (4), as con- 
trast agents in magnetic resonance imaging (5), and as probes 
in EPR imaging (6). Persistent nitroxide adducts resulting 
from reaction of a precursor nitrone (spin trap) with transient 
free radical species have been used to detect, characterize, 
and quantitate the production of free radicals in various in 
vitro and in vivo model systems (7). The cellular and in vivo 
pharmacology of stable nitroxides and persistent spin adduct 
nitroxides has been investigated in detail (8-10). One- 
electron reduction of stable nitroxides to the corresponding 
hydroxylamine is the primary metabolic pathway (11-15). 
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Whereas the metabolic fate of spin adduct nitroxides is not 
clearly understood, oxidative degradation has been sug- 
gested (16, 17). 

Previous studies have identified a stable five-membered 
nitroxide, 2-ethyl-2,5,5-trimethyl-3-oxazolidine-l-oxyl (OX- 
ANO), as a cell-permeable, nontoxic, catalyst of superoxide 
(•Of) dismutation (18). Subsequent cellular studies estab- 
lished this and other stable nitroxides to be protective agents 
for cells subjected to oxidative stress induced by agents such 
as 'OJ, H2O2, organic hydroperoxides, and ionizing radiation 
(19, 20). These initial studies prompted synthesis and screen- 
ing of various five- and six-membered nitroxides to explore 
their range as superoxide dismutase (SOD) mimics and the 
degree of protection they can provide against oxidative 
damage in mammalian cells (21). The hpophiiic piperidinyl 
nitroxide 2,2,6,6-tetramethylpiperidine-l-oxyl (Tempo) ame- 
liorates post-ischemic reperfusion injury (22), and stable 
nitroxides have been identified as a new class of non-thiol 
radi ©protectors in vitro (20). A number of mechanisms for 
cytoprotection have been advanced; they include oxidation 
of reduced transition metal ions, detoxification of intracel- 
lular radicals such as alkyl, alkoxyl, and alkylperoxyl radicals 
(19, 20, 23, 24), and direct catalytic removal of -0 2 by 
dismutation. 

Dismutation of -OJ was originally observed by exposing a 
five-membered cyclic nitroxide to a flux of -Of ; a lower, yet 
time-invariant, level of the nitroxide radical EPR signal 
resulted (18). In the presence of an enzymatic or radiolytic 
source of Oj, either OXANO or its respective hydroxyl- 
amine, 2-ethyl-l-hydroxy-2,5,5-trimethyl-3-oxazolidine 
(OXANOH), gave rise to equivalent levels of residual, 
steady-state EPR signal. The calculated steady-state ratio 
([nitroxide]/[hydroxylamine]) was independent of time, of 
-Oj flux, and of the total concentration of the nitroxide 
(OXANO- + OXANOH). The proposed mechanism of ca- 
talysis entailed initial reduction of nitroxide by -Of to form 
the corresponding hydroxylamine and subsequent reoxida- 
tion of the hydroxylamine by -Oj. However, when piperi- 
dinyl nitroxide derivatives were allowed to react with *0 2 , no 
decrease in EPR signal levels was detected (25). To account 

Abbreviations: EPR, electron paramagnetic resonance; Tempo, 
2,2,6,6-tetramethylpiperidine-l-oxyl; Tempol, 4-hydroxy-2,2,6,6- 
tetramethylpiperidine-l-oxyl; Tempol-H, 4-hydroxy-2,2,6,6- 
tetramethyl-l-hydroxypiperidine; Tempamine, 4-amino-2 ,2,6,6- 
tetramethylpiperidine-l-oxyl; Tempone, 4-oxo-2,2,6,6-tetrameth- 
ylpiperidine-l-oxyl; OXANO, 2-ethyl-2 r 5,5-tritnethyl-3-oxazohdine- 
1-oxyl; OXANOH, 2-ethyl-l-hydroxy-2,5,5-trimethyl-3-oxazol- 
idine; CHDO, 2-spirocyclohexane-5,5-dimethyl-3-oxazolidine-l- 
oxyl; DTTPA, diewylenetriaminopentaacetic acid; SOD, superoxide 
dismutase; CAT, catalase; CV, cyclic voltammetry; -Oi", superox- 
ide; HX, hypoxanthine; XO, xanthine oxidase; NHE, normal hy- 
drogen electrode. ^ 
&To whom reprint requests should be addressed at: Radiation On- 
cology Branch, National Cancer Institute, Building 10, Room B3 
B69, National Institutes of Health, Bethesda, MD 20892. 
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for the persistence of the EPR signal, rapid reoxidation of the 
hydroxylamine was postulated (25). 

In the present study, the mechanism of -Oj reactions with 
nitroxides and hydroxylamines has been investigated using 
EPR spectrometry, cyclic voltammetry (CV), and bulk elec- 
trolysis. Rapid reoxidation of the hydroxylamine form of 
Tempol by Of was not observed, and, in contrast to the 
previously proposed mechanism, evidence is presented 
herein that demonstrates that dismutation of -Of can proceed 
by a mechanism involving an intermediate oxoammonium 
cation. 

MATERIALS AND METHODS 

Chemicals. Xanthine oxidase (XO), nicotinamide adenine 
dinucleotide reduced (NADH) and oxidized (NAD + ), and 
catalase (CAT) were purchased from Boehringer Mannheim. 
Diethylenetriaminopentaacetic acid (DTPA), 3-carbamoyl- 

2.2.5.5- tetramethyl-3-pyrroline-l-oxyl, 3-carbamoyl-2 ,2,5,5- 
tetramethylpyrroiidine-l-oxyl, 3-carboxy-2,2 f 5,5-tetrameth- 
ylpyrrolidine-l-oxyl, 3-cyano-2 r 2,5,5-tetramethylpyrroli- 
dine-l-oxyl , 3-aminomethyl-2,2,5 ,5-tetramethylpyrroiidine- 
1-oxyl, Tempo, 4-hydroxy-2,2,6,6-tetramethylpiperidine-l- 
oxyl (Tempol), and 4-amino-2,2,6,6-tetramethylpiperidine-l- 
oxyl CTempamine) were purchased from Aldrich. 4-Oxo- 

2.2.6.6- tetramethylpiperidine-l-oxyl (Tempone) was from 
Molecular Probes. The hydroxylamine form of Tempol [4-hy- 
droxy-2,2,6,6-tetramethyl-l-hydroxypiperidine (Tempol-H)] 
and OXANO were prepared as described earlier (18, 20). 
EPR analyses were conducted as described (18). 

Electrochemical Analysis. Redox properties of nitroxides 
were investigated at 23°C by CV and square wave voltam- 
metry techniques using a B AS 100A electrochemical analyzer 
(Bioanalytical Systems, West Lafayette, IN). Aqueous so- 
lutions of the nitroxides were analyzed using a vitreous 
carbon working electrode and a platinum auxiliary electrode. 
The reference was a Ag/AgCl electrode, calibrated against a 
primary saturated calomel electrode (SCE). Data from CV 
were collected over several sweep cycles, each from —1000 
mV to + 1000 mV and back to -1000 mV versus the reference 
Ag/AgCl. Square wave voltammetry was performed accord- 
ing to the method of Osteryoung and Osteryoung (26) at a 
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Fig. 1. EPR signal intensity of Tempol followed as a function of 
time of exposure of Tempol, 100 fiM (closed symbols), and Tem- 
pol-H (open symbols) to Oj generated by HX (2.5 mM)/XO (0.02 
unit/ml) in air-saturated phosphate buffer (50 mM, pH 7.8) in the 
presence of CAT (100 units/ml) and DTPA (50 /tM). The Tempol-H 
oxidation to Tempol was completely inhibited by SOD (100 units/ 
ml). 



frequency of 15 Hz and amplitude of 25 mV stepped at 4-m V 
increments, with potential sweeps in negative and positive 
directions between +1000 mV and -1000 mV versus the 
reference electrode. All potentials are reported versus the 
normal hydrogen electrode (NHE) using a value of +0.2415 
V as the standard reduction potential of SCE versus NHE. In 
bulk electrolysis experiments, an electrochemical reactor 
similar to that described by Miner and Kissinger (27) was 
used. The cell consisted of a working electrode of graphite 
packed inside a porous Vycor glass tube (5-mm Ld.), through 
which the test solutions were pumped («*2 ml/min). An outer 
glass cylinder, with separate electrolyte, contained the plat- 
inum auxiliary electrode and a Ag/AgCl reference electrode. 
Controlled potential electrolysis was performed with a CV-27 
Potentiostat (Bioanalytical Systems). The reactor effluent 
was analyzed directly by EPR. 

RESULTS 

EPR Analysis of Nitroxide Reaction with OJ. The reaction 
of with the nitroxide Tempol and its hydroxylamine form 
(Tempol-H) was studied by exposure to -Of generated by the 
aerobic reaction of hypoxanthine (HX) and XO. The EPR 
signal of Tempol was monitored as a function of reaction 
time, and the results are shown in Fig. 1. No significant 
decrease in the EPR signal was observed. Higher fluxes of 
-Oj, generated in reactions with higher XO levels, also failed 
to decrease the EPR signal. Similar results were found with 
other pyrrolidinyl, pyrrolinyl, and piperidinyl nitroxides. 
These findings stand in contrast with the observed decrease 
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Fig. 2. {Upper) Time dependence of EPR signal (open squares) 
of Tempol following the addition of 0.02 unit of XO per ml to 50 mM 
phosphate buffer (pH 7.8) containing 50 fiM DTPA, 2.5 mM HX, 100 
units of CAT per ml, and 100 /*M Tempol in air at room temperature 
in the presence of 250 /*M NADH. Control experiments are as 
follows: complete reaction plus 300 units of SOD per ml (open 
circles); without hypoxanthine (x); without NADH (closed squares). 
(tower) Initial rates of loss of Tempol EPR signal as a function of 
[NADH] following the addition of 0.02 unit of XO per ml to 50 mM 
phosphate buffer (pH 7.8) containing 50 jxM DTPA* 2.5 mM HX, 100 
units of CAT per ml, and 100 fiM. Tempol in air at room temperature. 
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of the EPR signal when oxazolidine nitroxide derivatives are 
allowed to react with -O^ (18, 25). 

To test for oxidation of the hydroxylamine by -Oj , Tem- 
pol-H was allowed to react under similar conditions. As 
shown in Fig. 1, the nitroxide radical formation was exceed- 
ingly slow. The slow rate of reaction of Tempol-H with *C>2 
was independently determined by the fenicytochrome c 
reduction assay and found to be 4 x 10 2 M'^s" 1 . This value 
is two orders of magnitude below that estimated for the 
reaction of 'OJ with Tempol (25) and in the same order of 
magnitude estimated for Tempo-H (28). Thus the previously 
proposed mechanism of -OjT dismutation involving an inter- 
mediate hydroxylamine is not consistent with these observed 
rates. 

Although a clear demonstration of the hydroxylamine 
formation from the piperidinyl nitroxides has been shown in 
•O 2 -dependent reactions, sulfhydryl compounds were re- 
quired as reducing agents (29). Since thiols can function as 
either one- or two-electron donors, we have chosen to test the 
reaction using a reducing agent such as NADH, which is an 
obligate two-electron donor. Shown in Fig. 2 are the results 
of the reaction of Tempol with -Oj (generated by the HX/XO 
reaction) in the presence of NADH. A time-dependent de- 
crease in the EPR signal intensity was observed. After 
completion of the reaction, addition of the one-electron 
oxidant ferricyanide restored the EPR signal to its original 
level. All other nitroxides tested also underwent reduction in 
the presence of NADH and -O^ • Control reactions in which 
HX was omitted or to which SOD was added showed 
negligible loss of EPR signal (Fig. 2 Upper). Likewise, no 
direct reaction of nitroxides with NADH was detected. The 
rate of nitroxide reduction was dependent on NADH con- 
centration, as shown in Fig. 2 Lower. The reduction was 
supported by either NADH or NADPH but not by NAD + or 
NADP+. Concomitant oxidation of NADH to NAD* was 
verified spectrophotometrically. Addition of SOD inhibited 
the loss of nitroxide EPR signal (as shown in Fig. 2 Upper) 
and NADH oxidation. These results suggest a two-electron 
reduction of an oxidized form of the nitroxide produced 
initially during OJ dismutation. 

TEMPO 




Fro, 3. CV of nitroxides in aqueous solution. CV was carried out 
on anaerobic 2.0 mM nitroxide solutions in phosphate buffer (pH 7.4) 
containing 0.154 M NaCl, at 0.200 V/s {see text). CHDO, 2-spiro- 
cyclohexane-5 , 5-dimet hy 1-3-oxazolidine- 1-oxyl . 



CV. For catalytic dismutation of O2 DV a nitroxide/ 
oxoammonium cation couple, a redox potential in the range 
of -0.33 V (O2AO2) to +0.89 V (O2/H2O2) would be 
required (30). Therefore, the redox properties of various five- 
and six-membered nitroxides were investigated by CV and 
square wave voltammetry. Voltammogramic data from anal- 
ysis of Tempo are presented in Fig. 3 Upper. The results 
show a reversible one-electron redox reaction in the region of 
positive potential attributed to the nitroxide/oxoammonium 
couple (31). In the region of negative potential, an irreversible 
reduction wave was detected, which possibly represents the 
generation of the hydroxylamine. The pattern shown in Fig. 
3 Upper was typical of results from the six-membered and 
five-membered carbocyclic nitroxide derivatives tested. In 
contrast, the five-membered ring heterocyclic oxazolidinyl 
derivatives underwent irreversible oxidation, as shown in 
Fig. 3 Lower. Redox midpoint potentials measured for the 
various nitroxide derivatives are listed in Table 1. As shown 
for Tempo, Tempol, and Tempamine, which are known to 
catalyze *Oj dismutation, the redox potentials of the nitrox- 
ide/oxoammonium couple are in the range +0.722 V to 0.872 
V. Furthermore, the rates of EPR signal loss in the presence 
of 'Of and NADH generally correlated with the midpoint 
potentials, as shown in Table 1. This type of correlation 

Table 1. Oxidation/reduction midpoint potentials of various 

nitroxide radicals in aqueous solution 

Apparent 





midpoint 




Reduction 


Compound 


potential,* mV 


Method(s)t 


rate* 


Tempo 


722 


CV, OSWV 


1.00 


Tempol 


810 (720) 


CV, OSWV 


0.88 


Tempamine 


826 (872) 


CV 




Tempone § 


913 (912) 


CV, OSWV 


0.33 


3-Carboxyproxyl 


792 (772) 


CV, OSWV 


0.45 


3-Aminomethyl- 








proxyl 


853 


CV 




3-CarbamoylproxyI 


861 (872) 


CV. OSWV 


0.17 


3-Cyanoproxyl 


976 (982) 


CV, OSWV 


0.02 


3-CarbamoyI-3- 








pyrroline 


966 (972) 


CV 


0.03 


OXANO* 


960» 


OSWV 




CHDO* 


900lt 


CV, OSWV 




Ferri/ferrocyanide 


410, 408**, 430+t 


CV 





Potentials are reported versus NHE. 
"Values in parentheses were obtained from ref. 32 and were adjusted 

by +242 mV for comparison based on NHE. 
+OSWV, Osteryoung square wave voltammetry. Where indicated, 

both methods were used, and in all cases results from both methods 

agreed to within 4 mV for compounds where oxidation was freely 

reversible. 

^Reduction rates of nitroxides (100 pM) by -Of generated by XO 
(0.02 unit/ml) in air-saturated phosphate buffer (50 mM, pH 7.8) 
containing 50 juM DTPA and CAT (100 units/ml) in the presence of 
250 $M NADH. The rates are normalized with respect to the rate 
for Tempo. 

^Irreversible oxidation at low sweep rates. 

^Irreversible oxidation under all conditions tested up to 50 V/s. 

Mpseudo midpoint estimation from oxidation wave peaks (after 
subtraction of 30 mV) in CV carried out at scan rates of 2-20 V/s. 
Peak potentials of scans at 0.020 V/s were roughly 80 mV less than 
values at 20 V/s. For CHDO square wave voltammetry peaks were 
found at +895 mV in scans done from positive to negative direction. 
The peak currents were much weaker than in scans done in the 
oxidative direction (which show a +875 mV peak). However, it is 
reasonable in cases where rapid chemical reaction of the oxidized 
species removes it from the electrode reaction that the pseudo 
midpoint is provided by the peak potential from the negative scan, 
rather than by scans in the oxidative reaction. 

**Data from ref. 33. 

t+Data from ref. 34. 



5540 Biochemistry: Krishna et aL 



Proc. Natl. Acad. ScL USA 89 {1992) 



would be expected if an initial one-electron oxidation was 
required prior to reductive loss of the EPR signal. 

Bulk Electrolysis. To extend the results obtained from CV, 
controlled-potential bulk electrolysis was carried out on the 
nitroxides Tempo and Tempol. Electrochemical oxidation of 
0.2 mM aqueous solutions of these nitroxides at 0.810 V 
(NHE) resulted in extensive (88-94%) loss of the EPR signal . 
In the case of Tempol, the residual EPR signal resulted in part 
from formation of a second nitroxide, with a nitrogen hyper- 
fine coupling of c N = 16.0 G (1 G — 0.1 mT) t tentatively 
identified as Tempone. In contrast, when the unsubstituted 
Tempo was electrolyzed, there was no evidence for the 
formation of a second nitroxide. When the oxidized solutions 
were immediately (<5 min) subjected to reduction at +0.64 
V, recovery of the nitroxide signal was substantial (>75% in 
the case of Tempo). Therefore, an EPR silent, metastable 
oxidized form of the nitroxide was generated at potentials 
predicted from the CV experiments. 

DISCUSSION 

The widespread use of stable nitroxides and persistent spin 
adduct nitroxides in biology suggests a need to understand 
better the factors influencing the stability of these compounds 
in the cellular milieu. The present study strongly suggests 
that stable nitroxides (piperidinyl and pyrrolidine deriva- 
tives) catalyze the dismutation of Of by utilizing the oxoam- 
monium cation/nitroxide redox couple. The Of /H2O2 cou- 
ple has a redox potential of +0.89 V, and the catalytic 
dismutation rate was found to be directly related to the 
midpoint redox potential of the corresponding nitroxide. 
Tempo (0.722 V), Tempol (0.810 V), and Tempamine (0.826 
V) have catalytic rates of Of dismutation of 1.2 x 10 5 
M-^s" 1 , 6.5 x 10 4 M-^s" 1 , and 6.5 x 10 4 M" 1 ^" 1 , respec- 
tively (25). The doxyl (oxazolidine-l-oxyl) derivatives dis- 
mutate Of by utilizing the hydroxylamine/nitroxide pair (18) 
and consequently catalyze the reaction at l/100th the rate of 
the piperidinyl and proxyl (pyrrolidine-l-oxyl) nitroxides. All 
nitroxides studied with the exception of the doxyl derivatives 
exhibited reversible electrochemical behavior when oxi- 
dized. The doxyl derivatives, OXANO and CHDO, were not 
reversible in either direction (Fig. 3 Lower). The reactions of 
nitroxides with Of reveal that the piperidinyl and the proxyl 
derivatives are reduced in an -Of -dependent manner only in 
the presence of two-electron donors such as NADH and 
NADPH. The reduction products of these nitroxides are the 
corresponding hydroxylamines. These results suggest that 
the initial reaction with Of is a one-electron oxidation to the 
oxoammonium cation. This transient species either may be 
reduced back to the nitroxide by Of or may react with 
NADH or NADPH to form the corresponding hydroxyl- 
amine. Additional support for the proposed oxoammonium 
intermediate was obtained by bulk electrolysis experiments, 
wherein the nitroxide EPR signal was found to decrease at 
potentials predicted from CV. 

During dismutation of Of, high steady-state levels of 
piperidinyl and proxyl derivative nitroxides remain. This 
suggests that the reduction of the oxoammonium cation by 
•Of is relatively fast. The doxyl derivatives, on the other 
hand, are directly reduced by Of to their hydroxylamines 
(18, 25). The irreversible electrochemical oxidation of the 
doxyl derivatives suggests a mechanism for dismutation of 
Of that would not involve catalysis by an oxidized nitroxide 
intermediate. Based on the observations, the following re- 
actions are proposed for the nitroxide-mediated dismutation 
of Of . 

RR'NO* + Of + 2H + [RR'NO + ] + H 2 Q 2 . [1] 



[RR'NO*] + Of $ RR'NO* + 0 2 . [2] 

Reaction 1 involves the oxidation of nitroxide (RR'NO-) to 
form the oxoammonium cation intermediate [RR'NO"**]. This 
intermediate is subsequently reduced by Of (reaction 2) to 
reform nitroxide, resulting in the overall dismutation of Of , 
as shown in reaction 3. 

2 Of + 2H + ^ O2 + H 2 0 2 . [3] 

Although direct evidence for reaction of the oxoammonium . 
cation with Of (reaction 2) was not obtained, in biological 
systems this intermediate may be expected to react with 
many endogenous one- and two-electron reducing agents. 
Thus the pathway for -Of dismutation in vivo would not 
necessarily involve direct reduction of Of (reaction 2) as the 
major route for regeneration of the cyclic nitroxide. In view 
of the instability of the oxoammonium cation (ref. 35; also 
noted in our bulk electrolysis experiments) it would appear 
that regeneration of the nitroxide would occur predominantly 
by reaction of the oxoammonium with endogenous substrates 
other than Of. This raises the possibility of deleterious 
reactions with critical biomolecules if repair (rereduction) 
mechanisms are too slow to prevent subsequent irreversible 
processes. 

In the absence of two-electron reductants, reactions 1 and 
2 do not contribute to hydroxylamine formation. In the 
presence of two-electron donors such as NADH (under 
conditions of [NADH] » [Of]), competition for the ox- 
oammonium cation may occur and decrease the product from 
reaction 2. The competitive reaction would involve direct 
tworelectron reduction of the oxoammonium cation as fol- 
lows: 

NADH + [RR'NO + ] -* NAD + + RR'NOH. [4] 

Since complete reduction of the nitroxide was observed with 
excess [NADH], any reoxidation of the hydroxylamine 
would be slow, consistent with the results shown in Fig. 1. 

Metabolic processes result in the reduction of nitroxides to 
their hydroxylamines. The efficiency of reduction was found 
to be faster in hypoxic cells (11). More detailed analyses of 
the cellular components responsible for reduction showed 
that the cytosolic fractions of cells reduce nitroxides by 
utilizing ascorbic acid (15), whereas the microsomal fractions 
mediate the reaction through enzymatic processes (14). It has 
been suggested that the primary organelle responsible for 
intracellular reduction of nitroxides is the mitochondrion 
(14). At the cellular level it has been found that reduction is 
faster for six-membered piperidinyl nitroxides than for five- 
membered nitroxides (32). The hydroxylamines, on the other 
hand, are oxidized by cellular processes only under aerobic 
conditions at the level of cytochrome c oxidase (11). In a 
recent report (32), midpoint potentials for the one-electron 
oxidation of various nitroxide derivatives have been corre- 
lated to the substituent constants for inductive effects on the 
ring. It was suggested that midpoint reduction potential, in 
addition to the lipophilicity, might influence the intracellular 
stability of nitroxides. Fig. 4 demonstrates that, subsequent 
to oxidation, the two-electron reduction of the six-membered 
nitroxides (Tempo, Tempol, and Tempone) correlates with 
the midpoint oxidation potential, whereas, when Table 1 is 
examined, the influence of ring size on reduction rate can be 
seen when different ring sizes with similar midpoint oxidation 
potentials are compared. The trends shown in Table 1 have 
also been observed for microsomal and mitochondrial reduc- 
tion of nitroxides (10, 32, 36). Increases in endogenous 
cellular reducing equivalents would be expected to facilitate 
the reaction product through reaction 4. When considering 
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Fig. 4. Plot of the -O2 -induced reduction rates of various piper- 
idine nitroxides (100 mM) in the presence of NADH (250 pM). A 
reaction containing HX (2.5 mM) and XO (0.02 unit/ml) in air- 
saturated phosphate buffer (50 mM, pH 7.8) containing 50 pM DTPA 
and CAT (100 units/ml) was used to generate -Of. The rates of 
reduction were measured following the addition of XO by continually 
monitoring the EPR signal intensities of the nitroxides. Closed 
circles. Tempo; open circles, Tempol; and open squares, Tempone. 

the special case of cellular hypoxia, reaction 4 may become 
predominant because molecular oxygen is no longer the 
primary electron sink and, therefore, the oxidized nitroxtde 
no longer competes with molecular oxygen for reducing 
equivalents (32). For the case of persistent spin adducts in 
cellular environments, the metabolism is apparently more 
complex (9). It is known that nitroxides, formed from the 
addition of unstable radicals to a variety of spin traps, are 
destroyed by recombination with other radical species (17). 
In cells, the spin adduct nitroxides have short lifetimes and 
are rapidly metabolized to species other than the hydroxyl- 
amines (16). 

The present study demonstrates a pathway for -Of dismu- 
tation that is distinct from the pathway involving one-electron 
reduction of nitroxides. It is proposed that during reaction of 
'OJ with piperidinyl and proxyl nitroxides in the presence of 
reducing agents the generation of the hydroxylamine results 
from a two-electron reduction of the corresponding oxoam- 
monium cation intermediate. Moreover, the results suggest 
the possibility that cellular destruction of persistent spin 
adduct nitroxides may be facilitated by primary univalent 
oxidation. Factors that influence either the redox state of 
cells or concentrations of oxygen and -Oi" may well determine 
which nitroxides are chosen as probes of cellular metabolism 
or as NMR contrast agents. Ultimately, such factors should 
also aid in the choice of the appropriate nitroxide to be used 
for in vivo EPR imaging. 
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Stable nitroxide radicals were reported to act as SOD 
mimics and catalyze the dismutation of through two 
different catalytic pathways including reductive and ox- 
idative reaction mechanisms (Samuni, A., Krishna, C. M-, 
Riesz, P., Finkelstein, E. & Russo, A. (1998) J. Biol Chenu 
263, 17921-17924). Recent studies directly monitoring 
OJ and employing kinetics analysis did not reveal SOD 
activity of nitroxides (Weiss, R. BL, Flickinger, A G., 
Rivers, W. J., Hardy, M. M., Aston, K. W., Ryan, U. S. & 
Riley, D. P. (1993) J. Biol. Chenu 268, 23049-23054). Such 
discrepancy may result in cases where distinction of 
stoichiometric scavengers from, catalytic detoxifiers of 
05 is not readily feasible. Nitroxides are effective an- 
tioxidants that protect against oxidative injury in var- 
ious pathological processes. The distinction of their 
SOD mimic activity from OJ scavenging was estab- 
lished by examining the validity of direct and indirect 
methods employed to assay SOD-Jike catalytic activity. 
Kinetics analysis along with direct EPR monitoring 
were used to study the mechanism underlying nitrox- 
ide reactions with OJ ; The nitroxide EPR signal de- 
cayed in the presence of NADH but otherwise did not 
decrease with time, thus substantiating its catalytic 
role in OJ dismutation. The catalytic rate constants for 
05 dismutation, determined for the nitroxides tested, 
were found to increase with [H + ], indicating that OOH 
rather than Og is oxidizing the nitroxide. The results 
demonstrate the limitations associated with direct ki- 
netics analysis in evaluating SOD mimic activity, un- 
derscoring the need for independent assays for valid 
discrimination of SOD mimics from stoichiometric 
scavengers of OJ. 



The toxft effects of oxygen-derived reactive species along 
with the ^pysiological role of superoxide dismutase (SOD) 1 in 
catalyzing the dismutation of OJ are well documented (1, 2). 
Various strategies such as elevating the level of SOD inside 
and/or outside the cells have been employed for protection 
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against oxidative injury. Exogenously added SOD may be im- 
munogenic, does not penetrate readily into the cells, and unless 
bound to a protein or polyethylene glycol has a metabolic half- 
life of only several minutes (3, 4). 

To circumvent such limitations, cell-permeable, low molecu- 
lar weight compounds that nurnic the activity of SOD were 
used (5-14). Usually SOD mimics are chelates of transition 
metals such as copper, iron, or manganese (denoted LrM"" 1 "), 
which like the metal center in native SOD can undergo alter- 
nate reduction and oxidation of the metal (Mechanism I) to 
yield 0 2 and H 2 0 2 . 

*x 

L-M? + + Ol z=± lrW n ' l) + + O2 (Eq. 1) 

M4<*«* + Ol + 2H+ L-M nt + H 2 0 2 (Eq. 2) 

There are, however, cases where alternate oxidation and re- 
duction take place (Mechanism II). 



L-M° + + OI + 2H + =f=± L-M* +l > + + H 3 O a 

k -3 



L-M (a+I,+ + Ol — ►L-M n+ + Q 2 



(Eq. 3) 



(Eq. 4) 



In both cases the net reaction is the same as that of the 
spontaneous dismutation of superoxide. 



201 + 2H + — * O s + H 2 0 2 



(Eq. 5) 



Cell-permeable SOD mimics can facilitate the reaction shown 
in Equation 5 and diminish 0£ concentration both extra- and 
intracellularly. On the other hand, metal-containing SOD mim- 
ics are prone to dissociation in the presence of cellular proteins, 
thus not only causing loss of SOD mimic activity but also 
mobilization of potentially toxic redox-active metals (15). The 
catalytic activity of certain metal-based SOD mimics has been 
previously questioned (15), and the methods for assaying SOD 
activity have been critically evaluated (16-18). More recently, 
metal-free reagents have been reported to act as mimics of SOD 
(27), yet a controversy still exists regarding their mode of 
action (29). 

Nitroxide stable radicals demonstrate effective antioxidative 
activity (19) in various biological systems ranging from molec- 
ular (20), cellular (21-24), and laboratory animal level (25, 26). 
Nitroxides have been reported to catalyze OJ dismutation 
through two different catalytic pathways including reductive 
(27) and oxidative (28) reaction mechanisms. Conversely, ki- 
netics analysis of rapid mixing stopped flow experiments de- 
signed to measure the effect of nitroxides on superoxide decay 
did not reveal any SOD activity (29), leading to the conclusion 
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that nitroxides act as scavengers of . 

Detoxification of OJ is also achievable by scavengers that 
stoichiometrically react with it, Yet, removal by any scav- 
enger differs from that exerted by SOD mimics by the mecha- 
nisms underlying the reactions and also by the respective prod- 
ucts. Although catalytic reactions are generally readily 
identifiable, the distinction of a scavenger of Ol from an au- 
thentic SOD mimic is not always straightforward. An inade- 
quate distinction might derive from the ambiguous definition of 
an SOD mimic along with the unique nature of SOD, which 
distinguishes it from most enzymes. In view of the present 
results, previous approaches adopted for the evaluation of SOD 
mimics are analyzed and critically examined. 

EXPERIMENTAL PROCEDURES 
Materials - CataJase (H^ oxidoreductase, EC 1.11.1.6), xanthine 
oxidase (EC 1.2.3.2, xanthine roxygen oxidoreductase) (XO) and Cu-Zn 
SOD were purchased from Boeluringer-Mannheim Co.; 2,2,6,6-tetra- 
methylpiperidine-l-oxyl (TPO) and 4-hydroxy-2 t 2,6,6-tetramethy]pip- 
eridine-l-oxyl (TPL) were purchased from Aldrich; hypoxan thine (HX) 
and ferri cytochrome c (cyt-c m ) were obtained from Sigma. Distilled 
deionized water was used throughout all experiments. 

Superoxide Radical Flux— AIL experiments involved a continuous 
flux of superoxide radicals generated enzymatically. Unless otherwise 
stated, the reaction mixture contained 50 mM phosphate buffer at pH 7, 
1-5 mM HX, 50 jom diethylenetri amine penta acetic acid (DTP A) to 
m ini m ize the effect of adventitious redox-active metal ions, and 130— 
260 units/ml catalase to avoid undesired effects of H 2 0 2 . The reaction 
was generally started by adding about 0.01-0.08 units/ml XO, provid- 
ing a steady flux of —2-16 jam O^/min. Throughout the text superoxide 
radicals are denoted as 0£ rather than OyOOH, although it is the 
protonated form that is oxidizing the nitroxide. 

Electron Paramagnetic Resonance Assay — Samples of 100 /d for EPR 
experiments were drawn into a gas-permeable teflon capillary (Zeus 
Industries, Raritran, NJ) of 0.8-mm inner diameter, 0.38-mm wall 
thickness, and 15-cm length Each capillary was folded twice, inserted 
into a narrow quartz tube that was open at both ends (2.5-mm inner 
diameter), and then placed into the EPR cavity. To maintain constant 
level of 0 2 during the experiments, air was blown around the sample 
without having to disturb the alignment of the tube within the spec- 
trometer cavity. EPR spectra were recorded on a Varian E9 X-band 
spectrometer, with field set at 3357 G, modulation frequency of 100 
KHz, modulation amplitude of 1 G, and a nonsaturating incident mi- 
crowave power of 10 xnW. 

Analysis of the Kinetic Data — The kinetic experiments were con- 
ducted hy following (a) the rate of cyt-c 11 formation using absorption 
spectroscopy (0D 550 „ Ae = 21 mM -1 cm -1 ) and (b) the rate of decay of 
nitroxide. signal using EPR spectrometry, induced by a constant flux of 
superoxide. Competition kinetics were studied by introducing various 
concentrations of nitroxide or SOD, which compete for superoxide rad- 
icals and consequently lower the rate of O^-induced cyt-c 111 reduction 
(spectrophotometry assays) or spin loss of the nitroxide (EPR assays). 
To analyze trjpdata, the rate of reaction in the absence of scavenger/ 
catalyst, denoted V and equal to the flux of Ol, was divided by the rate 
of reaction observed in the presence of scavenger/catalyst, denoted v. 
The values of V/v were plotted versus the concentration of the compet- 
itive additive (scavenger/catalyst). Upon the addition of SOD in the 
optical experiments, the values of V/v for the rates of cyt-c nr reduction 
depended linearly on [SODJ according to: 

VJv lapUc ^ ) = 1 + [SOD] ■ A SO D + «up«roxidc/[cyt-C in ] • ^cyv^upcroxid* ' 

Expression I 

where AsoD-t-»u P ««»ridc is the catalytic rate constant of 0£ dismutation by 
SOD. For competition against nitroxide, V/v values depended linearly 
on [nitroxide] according to: 

V/u lop tic»i) = 1 + [nitroxide] ■ A app /[cyt-c m ]^ tyt< uj +irapcroi i de 
Expression II 

where A app denotes the rate constant of Ol reaction with the nitroxide 
(be it a scavenger or a catalyst). For the EPR experiments SOD was 
used to compete for O^ against the nitroxide. There the V/v values of 
spin loss rates of nitroxide depended linearly on {SOD] according to: 



V/ UcEPll) - 1 + [SOD] • W^^pe^woCTPO] • A app , EPJ0 

in 
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To evaluate k npvtKPTu , the values of the slopes obtained from expressions 
II (optica) experiment) and III (EPR experiment) were divided yielding 
expression IV, which is independent of SOD concentration, 

slopetop^/slope^pn, - [TPO] - A^iWlcyt-c 01 ] • ft^„ + wpcwidc 

Expression IV 

from which k applEPK/ was evaluated using the known value for 
A^yvciii+BupeitMdd* C30, 31). It should be noted that k avp evaluated from 
expression II is not the same as A flppnEPR) evaluated from expression IV. 

RESULTS 

The reaction of Ol with two nitroxides TPO and TPL was 
studied using both direct (EPR) and indirect (optical) tech- 
niques. Previous studies showed that nitroxides shuttle among 
three oxidation states as depicted in Scheme 1 of Ref. 41. 
Oxazolidine nitroxide derivatives react with superoxide via a 
reductive mode in which 0| reduces the nitroxide directly to its 
corresponding hydroxylamine, which in turn is oxidized to the 
parent nitroxide by an additional superoxide (27, 32, 33). In 
contrast, piperidine derivatives such as TPO and TPL are 
readily oxidized by protonated superoxide, *OOH, to yield oxo- 
ammonium cation (28), 



0"° + 



OOH + H* - 



(Eq. 6) 



H 2 0 2 



which in turn oxidizes another superoxide to molecular oxygen: 



o + ol 



(Eq. 7) 



<^N-0 + 0 2 



The net process (Equation 5) is anticipated to remove Ol with- 
out affecting nitroxide concentration. 

Spectrophotometry Assay of Nitroxide Reaction with 0% by 
Competition versus Ferricytochrome c— A constant flux of su- 
peroxide was generated enzymatically, and the competition 
between nitroxide (catalyst/scavenger) and cyt-c 111 for 0| was 
used for studying the reaction kinetics. The use of SOD-inhib- 
itable reduction of cyt-c™ by OJ radicals to study SOD activity 
of nitroxides is limited because the cyt-c 11 formed is oxidizable 
by H 2 0 2 (34-36) and also by nitroxide (29). Therefore, catalase 
was always included, nitroxide concentrations were kept low to 
minimize any reverse reaction (29), and only the initial rates of 
reaction were used for the evaluation of the activity. Control 
experiments showed that the rate of cyt-c 11 oxidation by 10-20 
pja nitroxide was negligible as compared with the rate of cyt-c 311 
reduction by 0| (data not shown). 

To study the reaction of nitroxides with superoxide, the 
rate of formation of cyt-c 11 was spectrophotometrically mon- 
itored at pH 7 in the absence (V) and in the presence (u) of 
various nitroxide concentrations. TPO and TPL inhibited the 
reduction of 22 um cyt-c 111 by competing for the superoxide in 
a concentration-dependent manner, the data were analyzed 
by plotting V/v as a function of [nitroxide] according to Ex- 
pression II, and the results of a typical experiment are dis- 
played in Fig. 1. From the slope of the lines as in Fig. 1 and 
knowing A superoxidc+ cyt.cin (30, 31) at pH 7, h app was calcu- 
lated to be 1.6 x 10 6 m" 1 s _1 and 6.5 X 10 s m _1 s -3 for TPO 
and TPL, respectively. These results alone, however, cannot 
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V/v 




pH6 



[nitroxide], jiM 

Flo, 1. Determination of the catalytic rate constant 
^tCsuperoxide+nitroxide) for superoxide dismutation by ni- 
^^e. Com^fation against cytochrome e. A constant flux of O" was 
^? te f d iJ C by 1 mM HX and 0.01 unit/ml XO in 50 mM 

phosphate buffer, pH 7, containing 50 m DTPA, 22 cyt-c 111 , and 260 
units/ml cataiase, where cyt-c 11 formation was followed spectrophoto- 
metncaUy at 550 nm. The initial rates of reaction were measured in the 
absence (V) and the presence (v) of various concentrations of TPO (O) or 
TPL (•) and V/v values were plotted versus [nitroxidej. The catalytic 
rate constant of superoxide dismutation by each SOD mimic was cal- 
SSf^5S ^ e f 1 ^ 6 of e** respective plot, knowing the concentra- 
tion of cyt-c" and its reaction rate constant A wroxida+pyt jna (30). 

distinguish whether nitroxides react with OX as catalysts or 
scavengers. 

The pH Dependence of Nitroxide Reaction with Superoxide- 
The competition of nitroxide against cyt-c Izr for Ol was re- 
peated at 30 °C while varying the pH using 50 mM phosphate 
buffer. The rate constants were calculated taking into account 
toe rate constants of cyt-c™ with Ol previously measured at 
the respective pH (30) and corrected for 30 °C (31). The results 
are displayed in Fig. 2 and show that * app increases with [H*] 
indicating, as anticipated, that 'OOH rather than Oa (pK = 
4.8) oxidizes the nitroxide. c 

Time Dependence of Nitroxide Concentration during Expo- 
sure to Sup?roxide~-EPR was used to investigate the fate of the 
mtnmde upon its reaction with superoxide generated by HX/ 
To «™»me the catalytic activity of nitroxides, the effect of 
a constant flux of on 10-50 m TPO or TPL was investigated 
by directly monitoring their EPR signal. The reaction mixture 
placed in a gas-pinneable teflon capillary inserted inside the 
cavity of an EPRfc^ectrometer, was continuously flushed with 
air at room temperature. The reaction was started by adding 
0.08 units/ml XO, and the intensity of the EPR signal of the 
nitroxide was continuously monitored. The rate of Ol genera- 
tion was independently determined by following at 550 nm the 
SOD-inhibitable reduction of cyt-c 111 in the absence of nitrox- 
ide. Fig. 3 shows that under a steady Ol flux of -16 /iM-min' 1 
which was maintained for over 1 h, no change of nitroxide EPR 
signal intensity was detectable. It shows that the restoration of 
nitroxide via Equation 7 is so fast that no accumulation of the 
oxo-ammonium cation is detectable. These results provide di- 
rect evidence for the catalytic role played by nitroxides where 
superoxide is removed by both Equations 6 and 7. Further- 
more, because 




The ? H dependence of nitroxide reaction with super- 
oxide Vi = k^ t h Top, a constant flux of Ol was generated at 30 °C 
by 1 mMfS and 0.01 unit/ml XO in 50 mM phosphatfbuffer^nteimW 
50 ^ DTPA 260 unite/ml catalase, and 23.1 £ cyt-c 1 " at v^ouTpH 
values: ♦ pH 6; A pH 6.5; A, pH 7; O, pH 7.3; U, pH 7.8. The Si 
rates of cyt-c reduction were measured in the absence (V) and the 
presence (v) of various TPO concentrations, and the values of V/o were 
plotted versos fTPOJ. The catalytic rate constant CA tot ) of superoxide 
dismutation by TPO (TPL) was calculated from the slope ^each 
on^^T c S^ s at e , ach P , H P reviou5l y measured (30) and corrected for 
30 C (31). Bottom the calculated values of * w = for nitroxides are 
presented as logCA^) versus pH. Open symbols, TPO; closed symbols, 



The addition of 1 mM NADH, however, caused a rapid and 
complete loss of the EPR signal of TPO (Fig. 3) because of a 
two-electron reduction of the oxo-ammonium transient (TPO + ) 
formed in Reaction 6, to its respective cyclic hyo^oxylamine 



^=0 



+ NADH 



■OH + NAD + 



(Eq. 8) 



Expression V 

and k 7 » k 6 , the value of k determined from expression II, 
actually reflects k cat = 2k e and not k+ 



The loss of EPR signal was preventable by 100 units/ml SOD 
(data not shown), demonstrating that a simultaneous pres- 
ence of 'HO^Oi and the two-electron reductant is required to 
convert TPO to its respective cyclic hydroxylamine (via 
TPO ), further substantiating the role played by Equations 
6 and 8. 

Competition between SOD and SOD' Mimic -The competi- 
tion between SOD and TPO (or TPL) for Ol and the direct 
detection in real time of the nitroxides by EPR were also used 
to determine their reactivity toward superoxide. To deter- 
mine the rate constant (k^ for nitroxide oxidation by 'OOW 
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app(EPR) 



= fe 6 evaluated 



dures." The reaction rate constants k ^ 

from Expression IV were 7.4 X 10 s m" 1 ^ -1 and 2.5 x 10 B m" 1 
s" x for 'fPO and TPL, respectively. 

DISCUSSION 

Catalysts and Sea venger— Because a catalyst is defined as a 
substance that accelerates a chemical reaction in which it itself 
is not consiimad in the overall process, its amount bears no 
stoichiometri^elationship to the quantity of the substrate 
altered. This is- not the case with a stoichiometric scavenger, 
which is consumed in the reaction. Generally, for an enzyme- 
substrate (or any catalyst-substrate) interaction, the concen- 
tration of the catalyst is far below that of its substrate. Gener- 
ally, this perception is true for any homogeneous reaction 
system. In contrast, SOD whose substrate is a free radical, is 
unique because its physiological concentration exceeds that 
of its substrate by several orders of magnitude. The concen- 
tration of cellular SOD can achieve 10 /im (37), whereas that 
of its substrate is about 10 6 -fold lower, ranging around 10 pM 
(37). Unlike enzymes, which obey the Michael is-Menten 
model, SOD flip-flops between its two oxidation states, is 
never saturated even with super-physiologic 0| concentra- 
tions, and exhibits first order reaction kinetics with respect 
to [OH 

The Kinetics Analysis of the Direct Assay — It was previ- 
ously attempted to distinguish a catalytic process from a 
stoichiometric reaction by analyzing the reaction kinetics 
(29). To do that, a reaction system in which 05 radicals 



V/v 



Time of TPO exposure to superoxide flax 

Fig. 3. Time mvariance of the SOD mimic TPO subjected to 
superoxide flux. A constantf flux of ~16 /iWmin 05 was generated at 
23 ± 2 °C by 5 mM HX and 0.08 unit/ml XO in 50 mM phosphate buffer, 
pH 7, containing 50 um TPO, 50 fm DTPA, and 260 units/ml catalase. 
The reaction mixture was inserted in a gas-permeable capillary, placed 
inside the EPR cavity, and flushed with air, whereas the intensity of 
TPO EPR signal was continuously monitored. Upon the addition of 1 
mM NADH to the reaction mixture {arrow), the EPR signal of TPO 
decayed. 



0|, NADH was added to eliminate the contribution of Equa- 
tion 7 toward 0\ decay. In this assay TPO is exposed to 0\ 
flux in the presence of an excess of NADH. Increasing the 
TPO concentration did not enhance the rate of spin loss, 
indicating that all 0| formed react with TPO to yield TPO* 
(Equation 6), which in turn is reduced by NADH to cyclic 
hydroxylamine (Equation 8). Under these conditions the ini- 
tial rate of spin loss validly reflects the flux of superoxide 
(denoted V). Upon repeating the experiment in the presence 
of increasing concentration of SOD, the rate of spin loss 
(denoted v) decreases as a result of a competition between 
SOD and nitroxide for OgAOOH. 

The results of a typical experiment done with 100 um TPO (or 
200 fm TPL) and 1 mM NADH are displayed in Fig. 4. The 
values of V/v were plotted versus [SOD] according to Expres- 
sion in. The inhibition by SOD of O^-induced reduction of 
cyt-c ni is also included in Fig. 4 in order to' simplify calculation 
of the rate constants, as detailed under "Experimental Proce- 




SOD,UAnI 

Fig, 4. Determination of the rate constant k GtjSXxr ^ rwl ^ nitnxlda) 
for nitroxide oxidation by *OOH. A constant flux of 05 was gener- 
ated at 23 ± 2 *C by 1 mM HX and 0.02 unit/ml XO in 50 mM phosphate 
buffer, pH 7, containing 50 /am DTPA, 260 units/ml catalase, and vari- 
ous concentrations of SOD. The reaction mixture included either 22 fsM 
cyt-c*", where cyt-c n formation was followed spectrophotometrically at 
550 nm (r), or 0.5 mM NADH and 100 yxM TPO (A) or 0.5 mM NADH and 
200 fjM TPL (O), where the loss of nitroxide EPR signal was monitored 
as shown in Fig. 3 after NADH (see arrow) addition. The initial rates of 
reaction were measured in the absence (V) and the presence (u) of 
various SOD concentrations, and values of V/v were plotted versus 
[SODJ. 



spontaneously d is mutate was supplemented with a tested 
compound (scavenger/catalyst), which is capable of reacting 
with the radicals: 



scavenger/catalyst + 0£ — *■ reaction products 



CEq. 9) 



Whenever the test compound modifies the decay kinetics of 
OJ, the new kinetic order should reflect the mechanism under- 
lying the perturbing reaction. Using this method, an initial 
super-physiologic concentration of 05 is employed in both pulse 
radiolysis (17) and rapid mixing stopped flow (29) techniques. 
The decay of 05 is then followed spectrophotometrically, and 
the reaction kinetics are studied. The method requires that the 
reagent under investigation (scavenger or putative SOD 
mimic) significantly perturbs the spontaneous decay of 05 un- 
der the condition where [tested compound]^ < [051<>- This im- 
plies that the rate of reaction with any scavenger/catalyst 
should be at least comparable with that of the spontaneous 
dismutation of superoxide in order to see an effect when 05 is 
directly monitored. In other words, unless the conditions of 
Expression VI 

k s [Ol] 2 « k<£Ol] [tested compound] 
Expression VI 

are met, the direct kinetics analysis cannot provide conclusive 
information of the mechanism underlying the activity of the 
reagent under investigation. This limitation cannot be circum- 
vented by increasing the concentration of the reagent under 
investigation because the reaction would exhibit pseudo-first 
order kinetics and pre-empt any discrinunation between stoi- 
chiometric and catalytic processes. 

The direct kinetics analysis suffers from another serious 
limitation when the reduced form of the SOD mimic under 
study is rapidly oxidizable by molecular oxygen (38). With 
physiological concentrations of OJ, where A_![0 2 ] > h 2 [0] i ], the 
actual catalytic rate constant, & actUBj , is much lower than the 
limiting value of (38). 
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A«tuj = 2k x h s /{k l + k 2 + A-i • ([cy/[Oi]» 



Expression VII 

Therefore, direct assay methods can overestimate the cata- 
lytic activity and erroneously assess the physiological efficiency 
of SOD mimics (17). 

The Distinction of Catalysts from Scavengers -When [0£] <sc 
Tscavenger/catalystJ, as is the case under physiological concen- 
trations, the reaction shown in Equation 9 would exhibit a 
pseudo-zero order kinetics even with respect to a scavenger as 
long as its concentration remains practically unchanged. Con- 
sequently, a stoichiometric scavenger would erroneously ap- 
pear to act as a catalyst. The opposite error might exist upon 
the assessment of reagents that remove 0£ catalytically but 
have a lower value of compared with spontaneous dismu- 
tation. Such genuine, although less reactive, SOD mimics 
would be inadvertently evaluated by the direct method of ki- 
netics analysis as being inactive (29). 

Comparison of the nitroxide i cat with the rate constant of the 
spontaneous decay of superoxide at pH 7.8 or 8.1 readily ex- 
plains the previous failure to detect SOD mimic activity of 
nitroxides (29). With the relatively high initial [Ol 3 used in the 
rapid mixing stopped flow technique, the conditions for Expres- 
sion VI was not met, and there was no possibility to detect any 
effect of nitroxide on superoxide decay (29). Had this assay 
been conducted at lower pH, such- as pH7, the nitroxide cata- 
lytic activity would have been detected. 

Although the steady state concentration of in biological 
systems is indeed low, cellular SOD or any scavenger has to 
cope with a continuous flux of the radical. A valid discrimina- 
tion of a catalyst from a stoichiometric scavenger requires that 
the concentration of the scavenger/catalyst, exposed to 0£ flux, 
would remain time-invariant upon exposure to Ol flux for a 
period of A* such that 

IscavengerJo < flux ■ At 
Expression VIII 

the conditions for Expression VIII is met for nitroxides where 
10 /am TPO (or TPL) persisted over 50 min under flux of -16 
/iMmin 1 (Fig. 3$, thus substantiating the identification of TPL 
and TPO as genuine catalysts. Because OOH/H 2 0 2 redox cou- 
ple has a midpoint potential of 1.06 V versus normal hydrogen 
electrode (39), SOD mimics capable of catalytic dismutation of 
superoxide by utilizing a primary oxidation step should have a 
reversible electrochemical behavior in the same potential re- . 
gion. Electrochemica&studies of stable nitroxides show that 
both TPO and TPL eSubit a reversible one-electron oxidation 
corresponding to the nitroxide/oxo-ammonium cation redox 
couple (28). The midpoint potentials for TPO (722 mV versus 
normal hydrogen electrode) and TPL (810 mV versus normal 
hydrogen electrode) indicate that they can be oxidized by *HO a . 
The oxo-ammonium cation, on the other hand, has been shown 
to be reduced to the nitroxide by O J at diffusion controlled rates 
(40). These considerations substantiate the mechanism de- 
picted by Equations 6 and 7. 

The Catalytic Rate Constants of Superoxide Dismutation by 
Nitroxides -In the EPR experiment and in the presence of 
NADH (Fig. 3), the intermediate TPO + reacts with the two- 
electron reductant rather than oxidizing another Ol radical. 
The rate constant, A app(E p R „ determined under such conditions 
(using Expression rV) represents only the first half of the 
catalytic cycle (Equation 6) rather than the full cycle, i.e. 
*app<Ef»R) equals A 6 rather than k wi . Equation 6 is the rate- 
limiting step in the catalytic dismutation of Ol by nitroxide, 
because the second step (Equation 7) is much faster having k 7 



- 1.5 x 10 M" 1 s \ as previously reported (40). Because 
TPO H does not react with oxygen and because k 7 ^> k G , & cot = 
2k 6 , Expression VII approaches Expression V. 

The situation is different in the spectroscopic experiments. 
Because in the competition reaction of nitroxide with cyt-c 311 for 
superoxide (Fig. 1) both the nitroxide and its oxidized form 
TPO + (or TPL*) react with and remove superoxide, the kinetics 
analysis enables the determination (from Expression II) oik 
which in fact represents k CRi . apP ' 

The values of k nt thus calculated from * opp<E p R) = k H ob- 
tained by EPR through competition versus SOD (Fig. 3) did not 
exactly match but were comparable with those independently 
evaluated from the competition against cyt-c m (Fig. 1), where 
both the nitroxide and its oxidized form TPO + (or TPL + ) react 
with and remove superoxide. The final values of at pH 7, 
determined by averaging the results independently obtained by 
the optical and EPR assays, are (1.8 2: 0.4) X 10 6 m" 1 s" 1 and 
(6.9 ± 2.9) x 10 5 M" 1 a" 1 for TPO and TPL, respectively. 

In conclusion, the present results define the limitations of 
the direct kinetics analysis in evaluating SOD mimics and 
demonstrate how appropriate application of various assays can 
validly discriminate between a catalyst and a stoichiometric 
scavenger. They also show that stable nitroxide radicals are 
genuine SOD mimics having k cai values that exceed 10 7 m _1 s _1 
at pH 6, evidently capable of greatly affecting the Ol level in 
cells and tissues, thus providing effective detoxification 
measure. 
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The protective effects of stable nitroxides, as well as their hydroxyl amine and amine precursors, 
have been tested in Chinese hamster V79 cells subjected to H 2 0 2 exposure at fixed concentration 
or exposure to ionizing radiation. Cytotoxicity was evaluated by monitoring the viability of 
the cells assessed by the clonogenic assay. The compounds tested at fixed concentration varied 
in terms of ring size, oxidation state, and ring substituents. Electrochemical studies were 
carried out to measure the redox midpoint potentials. The studies show that in the case of 
protection against H 2 0 2 exposure, the protection was determined by the ring size, oxidation 
state, and redox midpoint potentials. In general the protection factors followed the order 
nitroxides > hydroxylamines > arnines. Both the six-membered ring nitroxides and substituted 
five-membered ring nitroxides were efficient protectors. For six-membered ring nitroxides, 
the compounds exhibiting the lowest midpoint potentials exhibited maximal protection In 
the case of X-radiation, nitroxides were the most protective though some hydroxylamines were 
also efficient. The amines were in some cases found to sensitize the toxicity of aerobic radiation 
exposure. The protection observed by the nitroxides was not dependent on the ring size. 
However, the ring substituents had significant influence on the protection. Compounds 
containing a basic side chain were found to provide enhanced protection. The results in this 
study suggest that these compounds are novel antioxidants which can provide cytoprotection 
in mammalian cells against diverse types of oxidative insult and identify structural determi- 
nants optimal for protection against individual types of damage. 



Introduction 

Reactive oxygen species CROS) are byproducts of 
normal metabolic processes in aerobic environments. 1 
These species can exert cytotoxicity by damaging critical 
cellular components necessary for viability. 2 Examples 
of the ROS are superoxide, hydrogen peroxide, and 
hydroxyl radicals produced by sources such as biore- 
ductively activated xenobiotics and ultraviolet and 
ionizing radiation. Low-molecular- weight complexes of 
transition metals such as iron and copper can also 
catalyze the formation of some of these oxidizing species. 
In addition to exerting toxicity by oxidation, ROS have 
been also implicated in the activation of factors such as 
NF-/cB via mechanisms involving redox reactions. Detox- 
ification of these oxidants is provided by enzymatic and 
nonenzymatic mechanisms. Enzymatic antioxidants 
include superoxide dismutase (SOD), catalase (Cat), and 
glutathione peroxidase (GPX) which catalytically detox- 
ify oxidants, while nonenzymatic antioxidants are pri- 
marily reducing agents such as vitamin C and vitamin 
E which can scavenge oxidants by H atom donation in 
a stoichiometric manner. 3 Imbalances in the detoxifi- 
cation of ROS relative to their production lead to what 
-fc a widely accepted phenomenon called "oxidative 
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stress". In most cases the defense provided by the 
enzymatic and nonenzymatic antioxidants is adequate. 
However, in acute situations, such as radiation-induced 
normal tissue toxicity, anthracycline-induced cardiomy- 
opathy, and iron overload, supplementation with exog- 
enous antioxidants may be necessary to minimize tissue 
damage. However, the targets and sites of free radical 
damage vary depending on the kind of stress. For 
example, organic peroxides exert cytotoxicity by damag- 
ing cell membranes, whereas ionizing radiation induces 
cytotoxicity by causing DNA double-strand breaks. 
Therefore, the sites of damage need to be identified, and 
appropriate antioxidant strategies need to be devised 
to effectively limit tissue injury depending on the type 
of insult. This has prompted a search for efficient 
antioxidants which can augment the normal antioxidant 
defense and provide defense against a stress imposed 
by a wide range of modalities in chronic as weD as acute 
pathological conditions. Desired features in an effective 
antioxidant would include (a) ability to localize in 
subcellular compartments, (b) ability to react and 
scavenge with a wide range of reactive species, and (c) 
ability to be regenerated to the active form efficiently. 

Stable nitroxide free radicals, which have been used 
as biophysical probes, have been identified as novel 
antioxidants. By undergoing one-electron-transfer reac- 
tions, nitroxides are readily reduced to the hydroxy- 
lamines 4 - 5 or oxidized to the oxoammonium cation. 6,7 
Consequently, all three forms of the oxidation states 
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might exist in a biological system. The nitroxide/ 
oxoammoniura pair behaves as an efficient and electro- 
chemically reversible redox pair and is involved in the 
catalytic decomposition of superoxide 6 - 8 as well as 
inducing catalasc-like activity in heme proteins. 9 Though 
not directly oxidizing, piperidin-l-oxyl nitroxides are 
often used as cooxidants in organic chemistry. 10 The 
hydroxy laminc, on the other hand, can function as a 
typical reducing agent like vitamins C and E to scavenge 
oxidants, 11 while the nitroxide participates in radical- 
radical recombination reactions. 12 The metabolism of 
nitroxides in biological systems has been investigated 
in detail and found to be reduced to the corresponding 
hydroxy 1 amines through enzyme-related mechanisms. 4 
The oxidation of the hydroxy I amines can also occur 
efficiently. Consequently, a distribution of nitroxide/ 
hydroxy laminc is achieved regardless of which form is 
administered in vivo. Sterically hindered five- and six- 
membered cyclic amines without H atoms at a-positions 
have the ability of undergoing oxidation to paramagnetic 
iV-oxyl compounds. 13 The influence of the ring structure 
on the nitroxide/hydroxylamine distribution in cells and 
tissues has been studied. Nitroxides belonging to the 
six-membered piperidine ring structure have been shown 
to be rapidly converted to the hydroxyl amine, unlike the 
five-membered pyrrolidine or pyrroline nitroxides. 4 

It was found that compared to nitrones, which trap 
short-lived radicals to form stable nitroxide adducts, 
several nitroxide free radicals possess better antioxidant 
properties and decrease the oxidative damage caused 
by reactive oxygen-centered free radicals (HO*, C>2*~, 
HO2*). 8 Studies conducted in this laboratory have 
identified protective effects of nitroxides in several 
cellular and in vivo studies. 14 For example, nitroxides 
and hydroxy! amines have been shown to protect mam- 
malian cells exposed to superoxide, hydrogen peroxide 
(H2O2), organic hydroperoxides, and redox cycling an- 
ticancer agents. 15-18 A variety of sterically hindered 
pyrrolinecarboxamides were prepared and tested for 
antiarrhythmic effects. 19 It was recently demonstrated 
that one of these compounds, i\f-L(2,2,5,5-tetramethyl- 
3-pyrroline-3-carboxamido)propyllphthalimide which is 
currently under clinical trial, was oxidized in vivo to 
stable nontoxic nitroxide free radical as detected by in 
vivo EPR spectroscopy in living animals. 20 Mechanisms 
explaining the protective effects include (a) SOD-mimic 
activity, (b) oxidizing redox active transition metals, (c) 
reducing hypervalent heme states, Cd) radical —radical 
recombination, and (e) chain-breaking antioxidants. 
However, in the case of exposure to ionizing radiation, 
nitroxides were effective in inhibiting the aerobic cyto- 
toxicity, whereas the hydroxyl amines, which are reduc- 
ing agents, were ineffective similar to other reducing 
agents such as vitamin C and vitamin E. 21 The thiol- 
based radio protectors, where the sulfhydryl agent pro- 
vides radioprotection either by radical scavenging or by 
chemical repair, inhibit radiation-induced DNA le- 
sions. 22 The most effective thiol-based radioprotectors 
require the presence of basic functions (amino, ami din o, 
or guanidino). 2 ' 1 ' 24 The enhanced protection afforded by 
thiols with basic functional groups has been attributed 
to the better affinity of the positively charged substit- 
uents on the thiol to the DNA thus allowing the 
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scavenging of short-lived radicals generated in close 
proximity to DNA. 

To study the structural requirements of nitroxide for 
general antioxidant effects as well as radioprotection, 
a systematic screening of these agents was performed 
using an in vitro assay. The effect of ring size, substit- 
uents, and oxidation state of the test compounds at a 
fixed concentration, in providing protection to mam- 
malian cells exposed to oxidative damage induced by 
exposure to H2O2 or ionizing radiation, was evaluated 
using the clonogenic viability of Chinese hamster lung 
fibroblasts. The results indicate that the requirements 
of an agent to be effective in providing protection against 
K^CVinduced toxicity are predominantly influenced by 
the ring size, redox potential, and oxidation state. In 
the case of protection against ionizing radiation, the ring 
substituents and the oxidation state were the main 
determinants of the radiation modification. 

Chemistry 

Generally speaking the structure of nitroxides can be 
modified by three methods: first, five- or six-membered 
ring can be constructed as it is required; second, the 
nitroxide function can be reduced partially, totally 
removed, or restored; third, the functional group on the 
ring can be altered as well. Nitroxides (14c, 16c, 22c, 
23c, 25c, 36c, 37c, 40c, 55c) were reduced to secondary 
amines with Fe/AcOH 24 without alteration of other 
functional groups attached to the nitroxide ring. In a 
reverse process sterically hindered amine 55a could be 
oxidized to nitroxide with H2O2 in the presence of Na2- 
W0 4 . 13 The iV-hydroxylamines (lb, 2b, 5b, 6b, 9b, 
lib- 17b, 19b, 22b, 23b, 25b -27b, 29b, 36b -38b, 
40b, 42b, 48b, 52b, 53b, 55b) could be obtained by 
refluxing nitroxides with EtOH saturated with HC1 
gas. 13 The 2V-hydroxylanrines in basic or buffered media 
were oxidized to nitroxides with Pb02 or Mn02 ac- 
companied by bubbling oxygen through the solution. 

The synthesis of all pyrroline or piperidine nitroxides 
utilized 4-oxo-2,2,6,6-tetramethylpiperidine 13 as starting 
material. Favorskii rearrangement of 3,5-dibromo-4- 
oxo-2,2,6,6-tetramethylpiperidine (59) with sodium meth- 
oxide afforded the pyrroline methyl ester (42a), which 
could be reduced to allylic alcohol (14a) by SMEAH. This 
compound was readily oxidized to a, ^-unsaturated al- 
dehyde 2G 36a which was methylated at its amino 
function to tertiary amine 36d (Scheme 1). 

Secondary amines (18c— 20c, 25c, 28c) were obtained 
by sodium boro hydride reduction of nonisolated Schiffs 
bases synthesized from aldehydes 26 - 27 f36c, 37c). The 
secondary amine could be alkylated with methyl iodide 
in the presence of NaH to yield tertiary amines (26c, 
29c). Tertiary amine 10c in which the nitrogen atom 
is attached to a secondary carbon atom could be 
achieved by reductive alkylation with sodium cyanoboro- 
hydride 28 * 29 starting from TEMPON (39c) and dibutyl- 
amtne. Assessing the fact that paramagnetic ethers 
exhibited excellent NMR relaxitivity/ 10 several of them* 
such as 15c, were synthesized by alkylating the corre- 
sponding alcohol 14c (Scheme 2). 

The most convenient method for obtaining paramag" 
netic tertiary amines (17c, 21c, 22c) was the alkylating 
of secondary amines with allylic bromide 60. :Jl This 
paramagnetic alkylating agent was used to get am- 



SAR ofNitroxide Free Radicals and Precursors 



Journal of Medicinal Chemistry, 1998, Vol. 41, No. 18 3479 



Scheme 1° 



Scheme 8° 
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1c, 2c, 5c, 6c, 9c, 11c-17c, 19c, 
22c. 23c, 25c-27c, 2»e, 36c-3Sc. 
40c, 42C, 46c, 52c, 63C, 55c 



•I 

14a. 16a, 22a. S3a, 25a. 
36a, 37a, 40a, 55a 



J 



1b,2b > 5b,6b,9b,11b-17b, 19b, 22b, 23b, 
25b-27b, 29b, 36b-36b. 40b, 42b. 4Bb, 52b, 
53b, 55b 



COjMe 



It 
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Me 
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• Reagents: (A) Fe powder, AcOH, 3 h, 40-50 °C; f B) 30% H2O2, 
MeOH, 3 days; (C) HCl/EtOH, 30 min; (D) K0CO3, CHC1 3 , then 
Mn0 2 , 30 min; (E) MeONa, MeOH, 1 h; (F) SMEAH, toluene, 40 
"C, 1 h; (GJ MnOs, CHC1 3( 30 min; (H) Mel, acetone, reflux, 4 h. 

Scheme 2° 





36c, 37C 



1SC-20C, 25c, 28c 



2£c, 29c 




y OH . O 

1- I 



0 Reagents: (I) (i) 1-aminoadamantane, cat. p-tolucnesulfonic 
acid, toluene, reflux, 12 h, Cii) NaBH 4 , EtOH, 0 °C then reflux for. 
* h; (J) NaH, THF, reflux, 1 h then Mel, reflux 6 h; (K) 
oibutylamine hydrochloride, NaCNTJHa, MeOH, reflux, 48 h; (L) 
NaH, THF, rt, 1 h then EtBr, DMF. reflux, 2 h. 

ionium (30d, 31d) and phosphonium (32e) salts from 
tertiary amines and triphenylphosphines. 312 The isoin- 
doly] derivative 24c was obtained most conveniently by 
alkylating allylic amine 61 33 with a,a'-dibromo-o-xylene. 
Attractive challenging target was to achieve spin- 
labeled guanidine 33c and urea 43c from amine.61 and 
S-methylisothiouronium salt and from isocyanate 62 33 
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17c, 21c, 22c 
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0 Reagents: (M) pyrrolidine, CHC1 3 , reflux, 3 h; (N) n-tributyl- 
amine, acetone, reflux, 6 days; (O) triphenylphosphme, acetone, 
reflux, 3 h; (P) o-dibromoxilol, ^COa, CHCI3, reflux, 3 h; <Q) 
S-methyUsothiouronium sulfate, EtOH, . reflux, 3 h; (R) Et3N, 
MeS0 2 Cl, CH2CI2, rt, 3 h; (S> NH 3 , cyclohexane. 

and ammonia. The investigation of these compounds 
is well-supported so that parent compounds, i.e., guani- 
dine and urea, often appear in bioactive molecules and 
drugs. Besides the amines which proved the most 
efficient agents, we synthesized their sulfonylated 13c 
derivative. Compound 13c was obtained with standard 
procedure, e.g., reacting amine 9c with methanesulfonyl 
chloride in the presence of triethylamine (Scheme 3). 

Paramagnetic amides (45c, 46c, 48c, 49c) were 
achieved by acylating the corresponding amines with 
paramagnetic mixed anhydride ester 63* 14 or 3 -acylimi- 
dazole 64. To avoid catalytic hydrogenation of double 
bond in pyrrol ines, pyrrolidine derivative 66 was ob- 
tained by reaction of l-oxy3-3-bromo-4-oxo-2,2,6>6-tet- 
ramethylpiperidine 35 (65) with 1,3-diaminopropane. 
Fusing compound 66 with phthalimide without solvent 
at 120 °C yielded compound 52c while ammonia gas was 
released. 36 This method had to be used in synthesis of 
55c from 9c, since in this case the alkylation did not 
give the desired product, while alkylation of phthalimide 
with allylic bromide 60 furnished 53c in good yield 
(Scheme 4). 

Results and Discussion 

The compounds evaluated in this study as potential 
modifiers-of cytotoxicity of both ionizing radiation and 
H 2 0 2 are listed in Tables 1-10. Figure 1 shows the 
general structure of the compounds tested. For each 
ring type, three possible oxidation states may exist: 
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° Reagents: (T) 3-aminopropanol, CHCI3, reflux, 30 min* or 1,3- 
^j^iiS? 1 * 1 * 011 ^ ne * THF * 0 °C - rt, 1 h; (U) 1,3-diaminopropane, 
H 2 0/THF, rt, 2 h; (V; phthalimide, 120 *C, 1 h; (W) phthalimide 
K2CO3, KOH, 18-K-6, dioxane, reflux, 4 h; (2) phthalimide, 120 
°C, 50 min. 




H. Amine (a) 

OH, Hydroxy famine (b) 

CT, Nitroxide (c) 



Figure I. 

studied. 



General chemical structures of the nitroxides 



namely, the fully reduced secondary amine (type a), the 
nydroxylamine (type b), and the nitroxide (type c). In 
some cases the redox midpoint potential of the nitroxide/ 
oxoammonium cation redox pair was estimated. 

Hydrogen Peroxide Treatment. The mean sur- 
viving fraction of V79 cells following a 1-h exposure to 
W2O2 alone (500 ;«M) was 0.14 ± 0.016. Possible 
modulation of H 2 0 2 -mediated cytotoxicity by the test 
compounds was evaluated using a fixed final concentra- 
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tion of 100 /tM, present during the 1-h H 2 0 2 exposure. 
This concentration was selected for several reasons 
First, based on our experience with Tempol (5c), a finai 
concentration of 100 /<M provides partial protection 
against H 2 0 2 cytotoxicity, whereas higher concentra- 
tions (1000 //M) completely protect. 13 A final concentra- 
tion of 100 /^M of each compound would, therefore, afford 
comparison to our lead compound and allow identifica- 
tion of agents with greater protective properties than 
Tempol (5c). Second, because numerous compounds 
were evaluated, only small quantities were synthesized 
making the use of higher concentrations prohibitive. The 
protection afforded by the compounds against H 2 0 2 - 
induced cytotoxicity is shown in Tables 1-10 and Figure 
2 (Supporting Information). The results shown in 
Figure 2 indicate that the test compounds exhibited a 
broad range in modifying the cytotoxic effects of H 2 0 2 . 
Most agents tested were effective in providing protective 
effects against exposure. In comparison to Tempol (5c) 
which gave a PF of 2.5, 12 compounds yielded greater 
, PFs. The most efficient protector identified by the 
screen was Tempo (2c) which provided a PF of 3.5. With 
respect to structure and the protective effects against 
H2O2 exposure, the following observations can be made. 

The efficacy of stable nitroxides as well as the 
corresponding hydroxyl amines in reversing the free 
radical-mediated damage induced by oxidative stress 
prompted this study to identify structural requirements 
of this class of compounds for optimal antioxidant 
effects. The model chosen to screen for the efficacy of 
the antioxidant effects of the test compounds was by 
exposing Chinese hamster V79 cells to hydrogen per- 
oxide for a fixed duration of time and assessing the 
clonogenic viability in the absence and presence of a 
fixed concentration of the compound to be tested. 
Hydrogen peroxide is produced cellularly as a result of 
incomplete reduction of oxygen to water or also produced 
by phagocytic cells as well as by redox cycling xenobiotic 
drugs. The damage associated with exposure to hydro- 
gen peroxide is understood to be mediated by free 
radical generation presumably by the generation of *OH 
radical or an equally strong oxidant catalyzed by redox 
active transition-metal complexes (eq 1). 

H 2 0 2 + Fe 2+ -chelate- 

'OH + "OH + Fe 3+ -chelate (1) 



•OH + LH — L'-K 



(2) 



(3) 
(4) 



■ H 2 0 (initiation) 
L* + 0 2 — ■ LOO" (propagation) 
LOO' + LH — LOOH + L" (propagation) 

LOOH — LO' + -OH (propagation) (5) 
LOO* + LOO" — products (termination) (6) 

Earlier studies have shown that both free radical 
scavengers as well as metal chelators such as desferal 
can significantly inhibit both the cytotoxicity as well as 
the oxidation of cellular components. Thus cellular 
incubation of H 2 0 2 represents a valid modality of 
oxidant stress and has been widely used to screen for 
agents to reverse this damage. The damage is associ- 
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compd 


n 


R 


method 


yield, 
% 


mp, °C 


formula 0 


mol wt 


ref 


H 2 0 2 
prot 


radiat 
prot 


lb 


0 


H 


c 


78 


170 


C a Hi 7 NO*HCl 


179.69 


43 


2.3 


0.70 




















(0.52) 


(0.10) 


1c 


0 


H 








CsHieNO 


142.22 


50 


0.9 


4.60 




















(0.06) 


(0.40) 


2b 


1 


H 


c 


67 


180 


CeHiQNO-HCl 


193.72 


43 


1-5 


0.68 












dec 








(0.20) 




2c 


1 


H 










156.25 


44 


3.5 


4.20 
























3c 


o 


OH 










158.22 


13 


1 A 


























4c 


o 












172 25 


Oft 


1. 1 


A *7 
























5a 


1 


OH 








.CdHisNO 


157.26 


44 


0.4 


0.90 




















(0.00) 


(0.08) 


5b 


1 


OH 


c 


65 


>240 


C e Hi9N0 2 -HCl 


209.72 


43 


NT* 


1.05 






















(0.04) 


5c 


1 


OH 








C9H1BNO2 


172.25 


13 


2.5 


5.10 




















(0.23) 


(0.08) 


6b 


1 


OCH2CH3 


c 


63 


120 


CuH23N0 2 *HCl 


237.77 


43 


1.6 


NT 




















(0.30) 




6c 


1 


OCH 2 CH3 








CnH^NOz 


200.30 


30 


1.9 


NT 




















(0.50) 




7c 


0 


NH 2 








CsH^NsO 


157.24 


44 


1.1 


12.9 




















(0.00) 


(0.02) 


8c 


0 


CH2NH2 








C^Hi9N 2 0 


171.26 


44 


0.7 


13-7 




















(0.00) 


(0.00) 


9b 


1 


NH 2 


c 


74 


>230 


C9H 2 oN 2 0-2HCl 


245.19 


43 


1.0 


1.10 




















(0.00) 


(0.04) 


9c 


1 


NH 2 








C9H l9 N 2 0 


171.26 


44, 13 


2.8 


18.5 




















(0.14) 


(0.31) 


10c 


1 


N(tj-Bu) 2 


K 


35 


oil 




283.48 


43 


2.9 


NT 


lib 


















(0.64) 




1 


HM— < W— Oft ■ 


C 


61 


>230 


C18H37N3O2.3HCI 


436.89 


43 


1.9 


1.40 




















(0.30) 


(0.13) 


12b 


1 


NHCOCH3 


C 


73 


128-130 


CiiH22N 2 0 2 -HCl 


250.77 


43 


1.8 


0.85 




















(0.00) 


(0.20) 


13b 


1 


NHSO2CH3 


C 


78 


182-184 


CioH22N 2 0 3 S*HCl 


286.82 


43 


NT 


0.77 






















(0.05) 



1 Analyses for C, H, N, S, Br, and CI are within ±0.4% of the expected value for the formula. b NT, not tested. 



ated with DNA single- and double-strand breaks (in the 
presence of specific chelators) as well as damage to other 
cellular organelles. 

In this study nitroxides of four different ring classes 
were evaluated such as the six-membered piperidine 
class (I), the six-membered 1,2,5,6-tetrahydropyridine 
class (II), the saturated five-membered pyrrolidine class 
(Hi), the unsaturated flve-membered pyrroline class 
(IV), and nitrones (V) (Figure 1). Electrochemical 
studies on these agents show that while the hydroxy- 
lamines undergo an irreversible oxidation around 200 
m V vs NKE, at higher potentials, a reversible redox 
couple consistent with the nitroxide and the correspond- 
"ig one-electron oxidation product, the oxoammonium 
cation, exists around in the range 700-1100 mV for the 
impounds tested. The nitroxide/oxoamrnoniurn redox 
couple has been shown in earlier studies to mediate 
et i2yme mimetic reactions catalytically, such as SOD- 
^micking activity. 6 



RRNCT + H+ + HO * — RRNO + + H 2 O z (7) 



RRNO + + 0 2 ~* — RRNO* + 0 2 (8) 



The catalytic efficiencies of superoxide dismutation 
were found to depend on the ease of oxidation of the 
nitroxide to the corresponding oxoammonium cation, 
which represents the rate- limiting step. The catalytic 
rate constants were found to be inversely correlated to 
the redox midpoint potential of the nitroxide/oxoammo- 
nium couple. 8 The nitroxide/oxoamrnoniurn couple has 
also been postulated to induce catalase-like activity in 
heme proteins. 9 Either of these roles can confer anti- 
oxidant activity in the nitroxides. In addition, nitrox- 
ides have been shown to prevent the generation of 
oxidants via Fenton reactions (eq 1) by maintaining the 
metals in the oxidized state. 15 
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Table 2. Alcohols and Amines 





>C 






jC 




J 








r 

t 


PR, 

Br 0 






1 

H 
a 




r 

b 




O 
c 




r 
o 

d 




O 
e 




- 


n 


R 


method 


yid* 14 




formula* 


mOl Wt 


rcf 




nutirt 
pit* 


14a 


0 


OH 


A, F 




64, 
78 


66-69 


CsHnNO 


155.24 


43 


0.9 
(0.06) 


1.50 
(0.30) 


14b 


0 


OH 


C 




69 


157-159 


C9H„NOaHCl 


207.70 


43 


3.1 
(0.34) 


0.92 
(0.07) 


14c 


0 


OH 










CH,^ . 


170.23 


25 


1.8 
(0.00) 


2.6 
(0.07) 


15b 


0 


OCHjCH, 


c 




62 


89-92 


CHjiNOjHCI 


235.75 


43 


,3- 2 
(0.61) 


NT 6 


15c 


0 


OCHiCHj 


L 




57 


Oil 


CuHzoNOa 


198.29 


43 


1.3 
(0.20) 


NT 


16a 


0 


NMe* 


A 




58 


oil 


CuHmNj 


182.31 


43 


NT 


0.95 
(0.18) 


16b 


0 


NMea 


C 




71 


hygrosc. 


CnH n N 2 02HCi 


271.23 


43 


NT 


16.0 
(1.02) 


16c 


0 


NMc 2 










CnH^NjO 


197.30 


32 


2.1 
(0.43) 


13.9 
(0.70) 


17b 


0 


NEl 2 


t_ 




74 


189-191 


C l3 H 16 N 2 0-2Ha 


299.28 


43 


NT 


0.96 
(003) 


17c 


0 


NEtj 


M 




82 


oil 


QsHjjNaO 


225.35 


43 


NT 


17.2 
(120) 


18c 


0 


NH-n-Bu 


I 




64 


oil 


CuH^O 


225.35 


43 


2.5 
(0.21) 


3.96 
(1-75) 


19b 


0 


NH-/-Bu 


C 




68 


>250 


CjHkNjO 2HCI 


299.28 


43 


2.1 
(0.12) 


1.20 
(0.00) 


19c 


0 


NH-f-Bu 


I 




67 


56-60 


C„H„N,0 


225.35 


43 


2.0 
(0.35) 


19.3 
(3.15) 


20c/T» 


0 




I 




60 


186 
dec 


QsH^NjO 
C 7 HgO,S 


423.59 


43 


NT 


4.40 
(0.40) 


21c 


0 


N(n-Bu) 2 


M 




72 


oil 




281.46 


43 


3.2 
(0.14) 


NT 


22a 


0 


-o 


A 




47 


> 240 


C, 3 H 24 N 2 2Ha 


281.27 


43 


1.0 
(0.00) 


0.34 
(0.00) 



SAR of Nitroxide Free Radicals and Precursors 
Table 2 (Continued) 
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method ykld. H m p t oq formula* mol wt rcf " H »°> 



pro! 



22b 0 



22c/Ti 0 



23a 0 



23b 0 



23c 0 



24c 0 



25a 0 



25b 0 



25c 0 



26b 0 



26c 0 



27b 1 



-o 
o 

-o' 

-CO 

-a 
-a 



67 219-221 CiiH^NjO^HCt 297.27 43 NT 



M 78 



A 45 



129-132 C ls H 3 ,N2a 

C7H80>S 
oil Ci4H 2 «N 2 



395.54 43 NT 



222.37 43 NT 



C 70 210-212 C,4H M N202HCI 311.30 43 NT 



P 68 



C4H25NJO 
C 7 H a 0 3 S 
89-90 JdiHzjN^ 



A 62 1 16-118 OoHuNi 



C 70 215-2 16 Cj pHuRiO 2HC1 



72 109-111 C t »H 3) N 2 0 



C 67 210-212 CjoH m N,02HCI 



62 110-112 CjoHijNjO 



C 66 >200 C 20 Hi,N 3 0.2HCI 



409.56 32 NT 

271.38 43 NT 

288.48 43 1.9 

(0.60) 
377.40 43 2.5 

(0,43) 
303.47 43 3.3 

(0.63) 

391.42 43 2.6 

(0.92) 

317.49 43 3.3 
(0.50) 

391.42 43 2.1 
(0.07) 



28.3 
(0.20) 
21.4 
0*15) 
0.95 

(0.00) 
30.0 

(5.40) 
19.1 

(3.50) 

3.90 

(0.00) 
1.40 

(013) 
1.80 

(0.07) 
NT 

NT 
NT 
NT 



28c 


0 


NHCHjPh 


I 


59 


oil 


C.^NjO 


259.39 


43 


2.0 
(0.07) 


5.20 
(1-10) 


29c 


6 


N(Me)CH 2 Ph 


3 


56 


on 


CnHijNiO 


273.42 


43 


2.0 
(0.35) 


NT 


30d 


0 


§(B)j 


N 


66 


238-240 


CijHwBrNiO 


334.32 


43 


NT 


1.20 










dec 










(0.00) 


31d 


0 




N 


63 


180-181 


C 2 »H 42 BrN 2 0 


418.48 


43 


1.1 


0.69 


















(0.35) 


(0.02) 


32c 


0 




0 


71 


224-226 


C27HjoBrNOP 


495.42 


32, 
43 


NT 


0.72 
(0.07) 


33c 


0 


— CHjNHCCNHJNH] 


Q 


55 


180 dec 


1/2 H 3 SO< 


260.34 


43 


NT 


1.00 
(0.00) 
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Table 2 (Continued) 



method yield. «. mp) o C 



formula* 



mol wt ref 



Krishna et al. 



radial 



34c 0 — CHjSCtNHJNH! 



35C 0 — CH^OM^NH! 



CjiHmNjOS 338.46 31 2.2 7.50 

CR*0,S (0.29) (1.10) 

CuH ro NjOSe 370.17 46 1.3 NT 
HBr (0.12) 



° Analyses for C, H, N, S f Br, and CI are within ±0.4% of the expected value for the formula. b NT, not tested. 



RRNO* + H + + Fe 2+ -chelate — 

RRNOH + Fe 3+ -chelate (9) 

The hydroxylamines, on the other hand, were found 
to behave like classic reducing agents such as ascorbate 
and tocopherol by being oxidized to the corresponding 
nitroxide by the oxidant in the detoxifying reaction. 



RRNOH + *OH — RRNO* 4- H-O 



(10) 



However, unlike ascorbate, tocopherol, and other phe- 
nolic antioxidants, the product (nitroxide) is also capable 
of further detoxification modalities such radical— radical 
recombination reactions and interrupting chain propa- 
gation of lipid peroxidation reactions. 37 



RRNO* + L* — RRNOL 



(11) 



For a given ring size, the effect of the midpoint redox 
potential of the nitroxide/oxoammonium catalytic couple 
has also been examined for its influence on the protec- 
tive effects. On the basis of the results obtained in this 
study, some observations can be made. 

Struct uxe -Activity Relationships. The com- 
pounds of type a (amines) were in general ineffective 
in providing protection or in some cases actually en- 
hanced the cytotoxicity of H 2 0 2 exposure. The nitrox- 
ides and hydroxylamines were in general protective. 

The well-known six-membered nitroxides (2c, 5c, 9c, 
39c) were investigated earlier and showed better pro- 
tecting activity then the corresponding five-membered 
nitroxides (lc, 3c, 7c, 38c). Redox behavior alone might 
not be able to account for this behavior since no 
significant differences in their midpoint potentials were 
found. However, on the basis of several earlier reports 
which found six-membered nitroxides more reactive 
with radicals and are more likely to be converted to, the 
corresponding hydroxylamine than the corresponding 
five-membered counterparts, 4 the enhanced ability of 
the pideridine class of nitroxides can be attributed to 
their reactivities. This has been explained in terms of 
the access to the nitroxide moiety in the ring to 
reactants. In the case of six-membered ring nitroxides, 
the "boat" or "chair'* conformations of the piperidine ring 
provide easy access to the nitroxide moiety to participate 
in electron- transfer reactions involved in antioxidant 
effects. 

The protecting activity is also influenced by ring 
saturation and functional groups; for instance, the 
protecting activity of substituted pyrroline nitroxides 
(21c, 25c, 26c) approaches the efficiency of six-mem- 



bered nitroxides. This is a remarkable fact because of 
the lower toxicity of five-membered ring maintaining 
the similar H2O2 protecting activity. 38 - 39 Saturated five- 
membered alcohol 4c exhibited a smaller protecting 
activity than its unsaturated derivative 14c. Among 
saturated (50c, 51c) and unsaturated (41c, 44c) acid 
derivatives, there is no significant difference in H2O2 
protecting activity. In the range of well-available 
unsaturated acid derivatives, we observed that ester 42c 
has better protecting activity than the corresponding 
acid 41c. Among all the compounds which exhibit the 
best protecting activity are amines 9c, 10c, 21c, 25c, 
and 26c; however, quaternary salts 30d, 31d, 33c, 34c, 
and 35c show small protecting activity. The amine- 
substituted five-membered and six-membered nitroxides 
(9c, 10c, 25c 26c) show good protecting activity. The 
order of amines was not found to have significant 
influence on protecting activity as was observed in the 
case of 25c and 26c. 

Among the six-membered piperidines, where the 
nitroxide and the hydroxylamines were compared at 
similar concentrations, nitroxides were found to be 
better protectors. However, the protection was inversely 
proportional to the midpoint potentials of the nitroxide/ 
oxoammonium couple for the piperidines (Figure 3 A). 
The nitroxides which were easily oxidizable provided 
better protection. However, in the case of five-mem- 
bered nitroxides such as the pyrrolidines and the 
pyrrolines such a correlation was absent (Figure 3B). 
However, in this case, several hydroxylamines exhibited 
better protection than the corresponding nitroxides 
suggesting that a H atom donation might be the 
predominant operating factor in these cases, similar to 
antioxidants such as ascorbate, thiols, etc. 

Ionizing Radiation Treatment. The mean surviv- 
ing fraction of V79 cells following a 12-Gy dose of 
radiation alone was 0.02 ± 0.002. Possible modulation 
of radiation-mediated cytotoxicity by the test compounds 
was evaluated using a fixed final concentration of 10 
mM, present during the 10 min prior to radiation 
exposure. This concentration was selected for several 
reasons. From prior results obtained with Tempol, a 
final concentration of 10 mM provides partial protection 
against radiation-induced cytotoxicity. A final concen- 
tration of 10 mM of each compound would therefore 
afford comparison to our lead compound and allow 
identification of agents with greater protective proper- 
ties than Tempol. As stated above, because numerous 
compounds were evaluated, only small quantities were 
synthesized making the use of higher concentrations 
prohibitive. Additionally, our earlier studies showed 
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Table 3. Aldehydes 












b 


c 


d 








corapd 


n 


method 


yield, - 

% 


mp, °C 


formula 0 


mol wt 


ref 


H2O2 
prot 


radiat 
prot 


36a 


0 


A, G 


62, 89 


oil 


C9Hi 5 NO 


153.22 


43 


0.9 


0.07 


36b 


0 


C 


69 


153-158 


C 9 H 15 NOrHCl 


205.68 


43 


(0.06) 
2.7 


(0.02) 
0.13 


36c 


0 


D 


91 


77-79 


C9H14NO2 


. 168.22 


26, 43 


(0.29) 
1.3 


. (0.30) 
2.70 


36d 


0 


H 


85 


oil 


Ci 0 H 17 NO 


167.25 


43 


(0.00) 
NT* 


(0.23) 
0.60 


37a 


1 


A 


45 


oil 


Ci 0 H 17 NO 


167.25 


43 


NT 


(0.10) 
0.40 


37b 


1 


C 


77 


194-197 


CioH n N02-HCl 


219.71 


43 


NT 


(0.00) 
1.50 


37c 


1 








C 10 H 16 NO 2 


182.24 


27 


0.8 
(0.00) 


(0.15) 
6.10 
(0.25) 



0 Analyses for C, H, N, S, Br, and CI are within ±0.4% of the expected value for the formula. 6 NT, not tested. 



Table 4. Ketones 




H OH O 

a b c 



compd 


yield, 

n method % mp, & C 


formula* 


mol wt 


ref 


H2O2 
prot 


radiat 
prot 


38b 


0 C 68 151-153 


C a H lfl N0 2 *HCl 


193.67 


43 


1.1 


1.0 


38c 










(0.00) 


(0.20) 


0 


C8H14NO2 


156.20 


13 


0.9 


10.2 


39a 










(0.00) 


(0.45) 


1 


C9H17NO 


155.24 / 


47 , 


0.5 


1.10 


39b 










(0.00) 


(0.10) 


1 


C9H17NO2-HCI 


207.70 


35 


NT 6 


6.68 


39c 












(0.15) 


1 


CsHieNOii 


170.23 


13, 47 


1.1 


7.10 












(0.00) 


(0.85) 


0 Analyses for C, H, N, S, Br, and CI are within ±0.4% of the expected value for the formula. 6 


NT, not tested. 







Tables. Ketones 




* b 



H2O2 radiat 

compd method yield, % mp, °C formula 0 mol wt ref prot prot 



A 57 


oil 


C10H17NO 


167.25 


43 


NT 6 


0.63 
(0.13) 


C 80 


181-183 


CoHnNOa-HCl 


219.71 


43 


NT 


0J5 
(0.02) 






C10H16NO2 


182.24 


48, 49 


NT 


4.80 
(0.20) 



c Analyses for C, H, N, S, Br, and CI are within ±0.4% of the expected value for the formula. * NT, not tested. 

that nitroxides, but not the hydroxylamines, were induced cytotoxicity is shown in Tables 1—10 and Figure 
radioprotective under aerobic conditions. 21 The protec- 3. The studies show that the protective effects of the 
1Q n afforded by the compounds against radiation- test compounds varied from protection factors of 1 to 
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Table 6. Acids, Esters, and Amides 



>c^ >o< 



Krishna et al. 



compd 



method yield, % 



mp, °C 



formula" 



mol wt 



ref 



H 2 0 2 
prot 



radiat 
prot 



41c 


CO2H 








C9H14NO3 


184.24 


13 


1.0 


NT* 


42a 


C0 2 Me 


E 


82 


oil 


CioHnN02 


183.25 


43 


1.3 

(0.35) 


NT 


42b 


CO a Me 


C 


64 


143-145 


C10H17NO3HCI 


235.71 


43 


2.7 


NT 
















(0.46) 




42c 


COaMe 








CioHieNOa 


198.24 


13 


1.5 
(0.29) 


0.94 
(0.08) 


43c 


NHCONH2 


S 


70 


189-190 


C9H16N3O2 


198.24 


43 


1.2 

(0.00) 


NT 


44c 


CONH2 










183.23 


13 


1.0 
(0.00) 


10.7 
(3.80) 


45c 


CONH(CH 2 ) 2 OH 


Tl 


62 


99-100 


CiiHi&N 2 0 3 


227.28 


43 


1.2 

(0.04) 


NT 


46c 


CONH(CH 2 ) 3 OH 


Tl 


84 


95-96 


C12H21N2O3 


241.31 


43 


1.1 

(0.14) 


NT 


47c 


CONHCH2CO2H 








C11H17N2O4 


241.26 


33 


0.9 
(0.20) 


0.98 
(0.02) 


48a 


CONH(CH 2 hNH 2 








CUH23N3O 


225.33 


19 


NT 


0.52 
(0.07) 


48b 


CONH(CH 2 ) 3 NH 2 


C 


66 


hygrosc 


C12H23N3O2-2HCI 


314.26 


43 


l.Q 

(0-12) 


NT 


48c 


CONH(CH 2 ) 3 NH 2 


T1,T2 


73, 55 


104-108 


Cl 2 H22N30 2 


240.33 


43 


1.1 

(0.17) 


NT 


49c 


. CONH(CH 2 )3NMe3 


Tl 


59 


94-96 


Ci 4 H 2 6N302-C 2 H 2 04 


358.41 


43 


NT 


15.0 
(4.20) 



■ Analyses for C, H, N, S, Br, and CI are within ±0.4% of the expected value for the formula. b NT, not tested. 
Table 7. Acids* Amides, and Imides 

OH O 



compd 


R 


method yield, % 


mp, °C 


formula 0 


mol wt 


ref 


H 2 0 2 
prot 


radiat 
prot 


50c 


CO2H 






CsHioNOs 


186.23 


13 


1.0 . 


NT 6 
















(0.00) 




Sic 


CONHz 






C9H17N2O1! 


185.25 


13 


1.7 


11.2 
















(0.00) 


(1.80) 


52b 


0 


C " 68 


dec 


C 20 H27N 3 CVHC1 


409.91 


43 


NT 


1.26 



x — CONKCN,hN 



(0.00) 



1 Analyses for C, H, N, S, Br, and Ci are within ±0.4% of the expected value for the formula, 6 NT, not tested. 



30 (Figure 4 in Supporting Information). In comparison 
to Tempol (5c) which gave a PF of 2.2, 19 compounds 
yielded greater PFs. In some cases the agents provided 
sensitization of radiation effects with sensitization 
factors ranging between 1 and 0.1. A correlation 
between the protective effects and the structure and 
oxidation state was made to evaluate the determinant 
factors governing the radiation-modifying effects. 

Among the compounds studied, the nitroxides were 
found to be the most effective in providing the protection 
followed by the hydroxy 1 amines under identical concen- 
trations. Though the nitroxides and hydroxylamines 



were both effective in reversing the toxicity mediated 
by H2O2, the results obtained from radiation studies 
differ presumably as a result of kinetic reasons as well 
as differences in the sites of damage. 

The possible chemical reactions involved in the pro- 
tective reactions for nitroxides are as follows. If TH is 
a target molecule which is a critical biomolecule such 
as DNA, abstraction of the H atom by the radiation- 
induced species (X*) causes the initial lesion. 

TH + X" — T + XH (radical formation) ( 12) 



SAR of Nitroxide Free Radicals and Precursors 
Table 8. Imides 
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compel 


A 


method yield, % 


mp, °C formula 0 


mol wt 


ref 


H 2 0 2 
prot 


radiat 
prot 


53b 


CH 2 


C 78 


118- 120 Ci7H 2 oN 2 03*HCl 


336.82 


43 


3.3 


0.49 














(0.52) 


(0.03) 


54a 


(CHa^NHCO 




C 2 oH25N30 3 -HC] 


391.90 


19 


1.1 


1,90 














(0.23) 


(0.23) 


54b 


(CH 2 )aNHCO 




C2oH 2 5N 3 0 4 -HCl 


407.90 


19 


2.2 


1.30 














(0.23) 


(0.17) 



0 Analyses for C, H, N, S, Br, and CI are within ±0.4% of the expected value for the formula. 
Table 9. Imides 





compd 


method 


yield, 

% 


mp, D C 


formula" 


mol wt 


ref 


H2O2 
prot 


radiat 
prot 


55a 


A 


54 


128-129 


C17H22N2O2 


286.37 


43 


0.8 


1.70 
















(0.00) 


(0.29) 


55b 


C 


72 


>235 


Ci7H22N 2 Os-HCl 


338.83 


43 


1.5 


NT* 



(0.14) 



a Analyses for C, H, N, S, Br, and CI are within ±0.4% of the expected value for the formula. 6 NT, not tested. 
Table 10. Nitrones 



compd 


R 1 


R 2 


R 3 


formula* 


mol wt 


ref 


H2O2 
prot 


radiat 
prot 


56 


H 


CH 3 


CH3 


CeHnNO 


113.15 


44 


0.9 


0.93 
















(0.17) 




57 


CHs 


H 


CH3 


CeHnNO 


113.15 


1 51 


1.1 


0.91 
















(0.09) 




58 


CH3 


CH3 


CH3 


CtHisNO 


127.18 


52 


0.8 


1.10 
















(0.12) 





In the presence of oxygen or other, hypoxic cell radiation 
sensitizers such as nitric oxide, the damage on the 
molecule is fixed by radical -radical recombination 
reactions. 



r + o 9 - too* 



(13) 



These intermediates lead to further breakdown products 
fading to single- and double-strand breaks in DNA, 
However, thiol-based radioprotectors have been shown 
to be effective H atom donors and compete with O2 and 
restore the damage. 



If X' represents the species generated by ionizing 
radiation which mediate biological damage, then protec- 
tion by radical scavenging can proceed by: 

H + +X' + RRNO' — 

XH + RRNO+ (electron transfer) (15) 

X" + RENO* — 

RRNOX (radical— radical recombination) (16) 

Protection by chemical repair is also feasible with 
nitr oxides: 



T + RSH — TH -4- RS* 



(14) 



H + + T + RRNO* — TH + RRNO + 



(17) 



The thiyl radical, being a weak oxidant, is presumed to 
be minimally involved in mediating further biologic 
damage. 



Thus, nitroxides can afford radioprotection by radical 
scavenging as well as by chemical repair. 

The hydroxy 1 amines can mediate both electron - 
transfer and chemical repair reactions and provide 
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Figure 3. Protection factors of* hydrogen peroxide-induced 
cytotoxicity as a function of redox potential of selected com- 
pounds: (A) six-membered ring nitroxides and (B) five- 
membered ring nitroxides. 



protective effects. 
X' 4- RRNOH — 



HX + RRNO* (electron-transfer) (18) 



T + RRNOH — 

TH + RRNO* (chemical repair) (19) 

The fully reduced amines were found to provide radi- 
osensitization in some cases. These effects are consis- 
tent with the reactions listed below: 

X- + RRNH — XH + RRN* (20) 

X- + TH — T + XH (21) 

RRN* + TH — T + RRNH (damage) (22) 

r + RRN" — RRN-T (damage fixation) (23) 

The ring size was not found to be of significant effect 
in determining the radiation response. DNA binding 
characteristics of the nitroxide-based radioprotectors 
have been evaluated by nonequilibrium dialysis of DNA 
with individual nitroxides. These studies show that the 
positively charged nitroxides had higher degrees of 
association with DNA as compared to the negatively 
charged nitroxides. However, since the binding to DNA 
should be significantly similar for a given ring substitu- 
ent, nitroxide and hydroxy 1 amine should accumulate at 
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the DNA to similar extent. In a recent study, Milligan 
et al. 40 show that a diradical intermediate with lifetime 
of 1 jus is involved in the formation of dsbs. Hence 
agents which can scavenge such intermediates should 
effectively inhibit the radiation-induced cytotoxicity. 
While both hydroxylamine and nitroxides are effective 
radical scavengers, the mechanisms and the kinetics are 
expected to be different. 

Structure-Activity Relationships. The unsub- 
stituted base compounds (lc, 2c) afforded modest ra- 
dioprotective activity similar to that found for Tempo! 
(5c). Effective radioprotection from nitroxides was 
observed when the substituent contained an amino 
group in the side chain. The protection however, was 
not found to dependent on the order of the amine; 
primary amines (7c— 9c), secondary amines (19c), or 
tertiary amines (16c, 17c, 22c, 23c, 49c) were all found 
to have significant radioprotecting activity. The posi- 
tively charged isothiouronium salt (34c) also exhibited 
remarkable radioprotective activity. 

Only c type nitroxide compounds or in some cases b 
type hydroxylamines showed X-ray protecting activity. 
The latter compounds, which are iV-hydroxy derivatives, 
could be active because of the possible propensity to 
undergo spontaneous oxidation back to nitroxide. In 
addition it was found that upon reducing the nitroxide 
free radical function to amine, the protecting activity 
disappeared. This effect was independent of the type 
of side chain or other functional group. 

In addition to the amino substituents, five* and six- 
membered nitroxide compounds (c type) containing a 
formyl function (36c, 37c) were found to have protecting 
activity, but in their amine oxidation state (a type), they 
exhibited significant radiosensitization effects (36a, 
37a). 

Oxidation state of the ring appears to be a critical 
factor in influencing the protective effects of the com- 
pounds. The fully reduced amines (compounds type a) 
predominantly exhibited sensitizing effects, whereas the 
nitroxides and hydroxylamines exhibited protective 
effects. Among the nitroxides tested, a comparison of 
the protective effects with the corresponding redox 
midpoint potentials shows that there is no significant 
correlation between the observed protection and the 
redox potentials. This indicates that even for an amine- 
based ring oxidation state to be an efficient sensitizer, 
DNA seems to be the likely target, and therefore, 
accumulation at DNA to sufficient concentrations con- 
fers effective radiosensitizing properties. 

Conclusions 

The results from the present study show that the 
nitroxide-based antioxidants represent a novel class of 
recycling antioxidants which have both catalytic as well 
as stoichiometric scavenging effects. A general screen 
of their effectiveness against two types of damage such 
as H2O2 exposure and ionizing radiation shows that 
while they are effective in both cases, the structural 
requirements are distinctly different. For protection 
against H2O2 exposure, the kinetic effects predominate, 
and both six-membered ring and substituted five* 
membered ring nitroxides were found to be effective. 1° 
the case of ionizing radiation, accumulation of the agent 
at the site of damage was critical. In this case, nitrox- 
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ides with basic side groups were most effective. With 
respect to toxicity, none of the agents evaluated in the 
present study exhibited cytotoxicity. The toxicity of only 
a few selected nitroxides has been evaluated in mice 
where sufficient concentrations of the nitroxides for 
antioxidant and radioprotective purposes were achieved 
without untoward toxicity. 4142 The results from this 
screen will hopefully provide optimal candidates for 
more intensive evaluation as agents with respect to 
toxicity and for chemical modification of damaging 
agents such as H2O2 and ionizing radiation. 

Experimental Section 

The syntheses of the compounds are described by way, of 
typical examples: the methods are denoted in the same way 
as in Schemes 1—4. The structural and molecular formulas 
and physical properties of the compounds are summarized in 
Tables 1-10. 

Melting points (uncorrected) were determined on a Boetius 
micromelting point apparatus. Elemental analyses ( C, H, N, 
S) were obtained on a Carlo-Erba EA 1110 apparatus or (Hal) 
determined titrimetrically by Scboniger's method. Mass spec- 
tra were recorded on a VG TRIO -2 instrument in the EI mode 
(70 eV, direct inlet.) or with thermospray technique. Samples 
were analyzed in the bypass mode; 10 u~L of the sample 
solution in CH 3 OH was introduced via the thermospray 
interface. The mobile phase was CH a OH/H 2 0, 1:1, solution 
containing 0.1M NH4OAC. The capillary tip temperature was 
230 °C, the electrode voltage was 180 V, and the source 
temperature was 210 °C. The ESR spectra were obtained from 
10" 5 M solution, using a BRTJKER 300-E spectrometer. All 
the monoradicals exhibited three equidistant lines with a N — 
14.7—15.5 G. Flash column chromatography was performed 
with silica gel 60 (230-400 mesh) (Merck). 

Method A. 3-lAT-(l-Adamantyl)aminomethyl]-2,2,5 f 5- 
tetramethyl-3-pyrroline (25a). The nitroxide 25c (3.04 g, 
10 mmol) was dissolved in AcOH (10 mL); then Fe powder (2 
g, 36 mmol) was added. The reaction mixture was stirred at 
40-50 °C for 3 h, diluted with water (10 mL), and filtered from 
unreacted Fe. The filtrate was basified by adding solid K2CO3, 
then extracted with CHCI3 (3 x 20 mL)' dried (MgS0 4 ), and 
filtered again, and the solvent was evaporated. The residue 
was flash-chromatographed on- silica gel (Merck 60) with 
CHC] 3 -Et 2 0 and evaporated to dryness. The product was 
crystallized from Et 2 0-hexane, to give the base 25a (1.78 g, 
62%) as off-white crystals: mp 116-118 °C; EI (m/z, %) 288 
<M + , 2), 273 (65), 135 (100), 122 (81). Anal. (Ci^jjNa) C, H, 
N. 

Preparation of hydrochloride salt: The base (0.86 g, 3 mmol) 
was acidified with HC1 in EtOH to pH 3 and then diluted with 
EttfO to start crystal ligation (0.92 g, 85%). The analytical 
sample of the salt of 25a/HCl was recrystallized from EtOH- 
Et^O (mp 226 °C dec). Anal. (d^NsCl*) C, H, N, CI. 

Compounds 14a, 16a, 22a, 23a, 36a, 37a, 40a, and 55a 
were prepared following a procedure similar to method A. 

Method B. l-Oxyl-4- W-phthalimid-1 -yl)-2,2,6,6-tet- 
ramethylpiperidine (55c). To a solution of amine 55a (2.86 
g, 10 mmol) in methanol (10 mL) was added 30% H 2 0 2 solution 
(5 mL, 50 mmol), and the solution was allowed to stand for 3 
days. Then the reaction mixture was evaporated to one-half 
volume and extracted with CHC1 3 . The organic phase was 
dried (MgS0 4 ) and evaporated. The product was crystallized 
from CHCla-hexane to give nitroxide 55c (2.17 g, 72%) as pale- 
.vellow crystals: mp 134-136 C C; EI (m/z, %) 301 (M + , 2), 287 
(20), 147 (85), 76 (100). Anal. (Ci 7 H 21 N 2 0 3 ) C. H, N. 

Method C. l-Hydroxy-3-|A^-(l-adamantyl)aminometh- 
yl) -2,2,5,5- tetramethyl-3-pyrroline (25b). The paramag- 
netic compound 25c (0.61 g, 2 mmoli was dissolved in EtOH 
fi aturated with HC1 gas (10 mL), then rcfluxed until the color 
°* nitroxide disappeared (about 30 mini, and diluted with Et 2 0 
to start crystallization. The crystalline hydrochloride 25b that 
separated on refrigeration was filtered off, washed with Et^O, 
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and dried (0.53 g, 70%) as off-white crystals: nip 215-216 °C* 
TSP1M + Hr 304. Anal. (C lfl H 32 N 2 0-2HCl) C, H, N, CI. ' 

Compounds lb, 2b, 5b, 6b. 9b, llb-lTb, 19b, 22b 23b 
26b, 27b, 29b, 36b-38b, . 40b, 42b. 48b, 52b, 53b, and 55b 
were prepared following a procedure similar to method C. 

Method D. l-Oxyl.3-formyl-2,2,5,5-tetrainethyl-3-pyr- 
rolinc (36c), N> Hydroxy lamine hydrochloride salt 36b (2.06 
g, 10 mmol) was dissolved in saturated K 2 CO:j solution (15 mL) 
and extracted with CHClj. To the organic phase were added 
drying agent (MgS0 4 ) and catalytic amount of Mn0 2 (50 mg), 
and this mixture was aerated for 30 min. Then the reaction 
mixture was filtered and evaporated. The crystalline product 
36c was filtered off and evaporated with hexane * 1 .53 g, 91%) 
as yellow crystals: mp 77-79 °C; EI (mJz t %) 168 <M\ 35), 
138 (41), 123 (100), 95 (88). Anal. (C* H ]4 N0 li ) C, H, N. 

Method E. Methyl (2,2,5,5-Tetramethyl-3-pyrroliii-S- 
yDcarboxylate (42a). 2,2,6,6-Tetramethyl-3 r 5-dibromo-4- 
piperidone hydrobromide 13 (59) (39.39 g, O.i mull was added 
during about 1 h to a stirred methanol solution of sodium 
methoxide (30%) (57 mL, 0.3 mol t at room temperature; then 
the formed NaBr was filtered off, the filtrate evaporated to 
dryness, and the residual pale oil distilled under reduced 
pressure (1.3 mifiHg, 56-58 °C) to yield the pure product 42a 
(J15.0 g, 82%) as an oil: EI (m/z. %) 183 (M\ 1), 168 (100), 136 
(49), 108(64). AnaL (C^H^NO*) C, H, N. 

Method F. 3-(Hydroxymethyl)-2,2,5 t 5-tetramethyl-3- 
pyrroline (14a). To a solution of ester 42a (] .83 g, 10 mmol) 
in toluene (10 mL) was added SMEAH (70% solution in 
toluene, 6.4 mL, 23 mmol) drnpwise in argon atmosphere. The 
reaction mixture was kept at 40 V C for 1 h and then added to 
a NaOH solution (20%, 20 mL). THF (10 mL) was also added, 
and the organic phase was separated, dried (MgSOa), and 
evaporated. The crystalline product 14a was filtered and 
washed with hexane (L21 g, 78%) as pale-yellow crystals: mp 
66-69 °C; EI (m/z t %) 155 (M\ 1), 140 (40), 122 (18), 110 (100). 
Anal. (C9H17NO) C, H, N. 

Method G. 3-Fortnyl-2,2 f 5,5-tetramethyl-3-pyrroliiie 
(36a). A stirred solution of 14a (1.55 g, 10 mmol) in CHCI3 
(30 mL) was refluxed with active Mn0 2 (5 g, 56 mmol) until 
oxidation of alcohol 14a was completed and then filtered, the 
filtrate evaporated to dryness, and the residual solidified when 
cooled to give the aldehyde 36a (1.36 g, 89%) as a pale-yellow 
oil: EI (m/g, %) 153 (M + , 1), 138 (48;, 110 (100), 95 (44). Anal. 
(C 9 H l5 NO) C, H, N. 

Method H. 3-Formyl-l,2,2,5 t 5-pentamethyl-3-pyrro- 
Jine (36d). A solution of aldehyde 36a 25 (0.77 g, 5 mmol) and 
Mel (1.42 g, 10 mmol) in acetone (10 mL) was refluxed for 4 h 
and then evaporated to dryness. The residual solid was 
dissolved in water, basified with solid K2CO3, extracted with 
CHClj (3 x 20 mL), dried (MgS0 4 ), and evaporated to dryness. 
The oily residue was flash-chromatographed on silica gel 
(Merck 60) to get the pure compound 36d (0.71 g, 85%): EI 
(m/z, %) 167 (M + t 11), 152 (41), 124 (100), 109 (42). Anal. 
(C 10 H n NOj C, H, N. 

Method I. 1 -Oxyl-3-[7V-( l-adamantyl)aminomethyl]- 
2,2,5 f 5-tetramcthyl-3-pyrroline (25c). A solution of alde- 
hyde 36c JS (1.68 g, 10 mmol) and 1-aminoadamantane (1.66 
g, 11 mmol ) in toluene was refluxed in the presence of catalytic 
amount of p-toluenesulfonic acid, in a flask equipped with a 
Dean— Stark water separator. After the separation of the 
calculated amount of water (about 12 h), the mixture was 
concentrated under reduced pressure (water pump). The 
remaining Rchiff base was dissolved in EtOH (20 mL) and 
added slowly to a stirred suspension of NaBH* (0.57 g, 15 
mmol) in EtOH (30 mL) at 0 "C; then the mixture refluxed for 
1 h. It was diluted with water (50 mL) and evaporated in a 
vacuum to about one-half volume, and the oily aqueous residue 
was extracted with CHCI3 (3 x 50 mL). The extract was dried 
(MgSO-i), filtered, and concentrated. The crude base 25c was 
recrystallized from a mixture of EfeO and hexanes (.2.18 g, 
12%) as yellow crvstals: mp 309- 1 1 1 C C; EI (m/z, %) 303 ( M + , 
10), 273 (34), 164 (48), 135 (100). Anal. (C, 9 H ;i ,N 2 ()J C, H, N. 

The base was converted into its tosylate salt. To the base 
in acetone was added an equivalent amount of p-toluene- 
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sulfonic acid in acetone (10 mL), and the mixture was cooled. 
The precipitated salt 25c/Ts was filtered off, washed with 
EkO, and dried to give 25c/Ts (3.76 g, 79%) as yellow 
crvstals: mp 250-251 Q C. Anal. (Ci9H3iN 2 OC 7 H*OaS) C, II, 
N, S. 

Compounds 18c— 20c, and 28c were prepared following a 
procedure similur to method I. 

Method J. l-Oxyl-3-[iV-meth.yl-iV-(l-adamantyl>ami- 
nomethy]l-2 f 2,5,5-tetramethyl-3-pyrroUne (26c). To a 
stirred solution of 25c (608 mg, 2 mmol) in dry tetrahydrofuran 
(THF) (20 raL) in argon atmosphere was added NaH (60 mg, 
2.5 mmol), and the mixture refluxed for 1 h. After Mel (284 
mg, 2.0 mmol) was added to the reaction mixture and refluxed 
for 6 h, the cooled reaction mixture was washed with saturated 
NaCl solution (10 mL), and the organic phase was dried 
(MgS0 4 ), filtered, and evaporated- The residue was chromato- 
graphed (hexanes-EtaO) to separate the nonmethylated start- 
ing compound. The pure compound 26c was recrystallized 
from CHClg-hexanes (394 mg, 62%) as yellow crystals: mp 
110-112 °C; EI %) 317 (M*. 2), 287 (5), 165 (55), 135 

(100). Anal. (CzoH^NaO) C. H, N. 

Compound 29c was prepared following a procedure similar 
to method J. 

Method K. l-Oxyl-4-(A^V-n-dibutylamino)-2,2,6,6-tet- 
ramethylpiperidine (10c>. To solution of ketone 39c (TEM- 
PONE) 4 ' (1.70 g, 10 mmol) and di-n -butyl a mine hydrochloride 
(6.63 g, 40 mmol) in dry methanol (100 mL) was added 
NaCNBHy (3.77 g, 60 mmol), and the reaction mixture was 
refluxed for 48 h and finally evaporated to dryness. The 
residue was taken up in water (30 mL), acidified by adding 
diluted H a S0 4 (5%), and extracted with CHC1 3 (3 x 20 mL) to 
remove the unreacted ketone. The aqueous phase was basified 
by adding solid K2CO3, extracted again with CHCl.i (3 x 20 
mL), then dried, evaporated, and purified by flash chroma- 
tography to give the product 10c (0.99 g, 35%) as a deep -red 
thick oil: TSP 284 (M + H) + . Anal. (C, 7 H^N 2 0; C, II, N. 

Method L. l-Oxyl-3-(ethoxymethyl)-2^2,5,5-tetramethyl- 
S-pyrroline (15c). To a suspension of NaH (0.24 g, 10 mmol) 
in dry THF (15 mL) was added alcohol 14c iC 1 1.70 g, 10 mmol) 
drop wise in dry THF (10 mL), and the mixture was stirred at 
room temperature for 1 h. After that EtBr (1.09 g, 10 mmol) 
in dry DMF (10 mL) was added dropwise, and the reaction 
mixture was refluxed for 2 h. Then the cooled reaction mixture 
was extracted with brine (20 mL). and the organic phase was 
dried (MgSCM, filtered, and evaporated. The residue was 
flash-chromatographed (hexanes— EtaO) to give the pure prod- 
uct 15c (1.13 g, 57%) as a yellow oil: EI (m/2, %) 198 (M~, 10), 
138 (9), 122 (26), 107 (100). Anal. (CnHanNO*) C f H, N. 

Method M. l-Oxyl-3-(iV-pyrroIidinylmethyl)-2,2,5,5- 
tetramethyl-3-pyrroline (22c). A solution of l-uxyl-3-(bro- 
momethyl)-2 v 2,5 f 5-tetramethyl-3-pyrroline :n <60) 12.33 g, 10 
mmol) and pyrrolidine (2.13 g f 30 mmol) in CHCl ;t (30 mL) 
was refluxed for 3 h and then evaporated, and the residue was 
diluted with water (20 mL) and extracted with Et^O (3 x 20 
mL). The extract was dried (MgSCM, filtered, and concen- 
trated. The residue was purified by chromatography (hex- 
anes -Et 2 0) to give the base 22c (1.74 g, 18%) as a red oil. 
Anal. (CnHsaNzO) C, H, N. 

The pure base 22c was converted to its tosylate salt (3.08 
g, quantitatively) in the same way as described in method I: 
yellow crystals; mp 129-132 Q C; TSP 224 [M + H] + . Anal. 
(Ci:iHiBN a O-C7HHCW3) C, H. N, S. 

Compounds 17c and 21c were prepared following a proce- 
dure similar to method M. 

Method N. l-Oxyl-3-(tributylammoniumylmethyl)- 
2 f 2,5,5-tetramethyl-3-pyrrolLne Bromide (3 I d). A solution 
of l-oxyl-3-(bromomethyl)-2,2,5,5-tetramethyl-3-pynx)Iine :i1 (60) 
(2.33 g, 10 mmol) and the excess of n-tributylamine (3.71 g, 
20 mmol) was heated in acetone ( 10 mL) for 6 days and then 
diluted with Et^O to start crystallization. The solid residue 
was recrystallized from acetone -Et ; »0 to give the pure com- 
pound 3 Id (2.64 g, 63%) as yellow crystals: mp 180- 181 ^C; 
EI im/z, %) 338 <M\ 1). 281 (2), 202 <8». 142 U0O>. Anal. 
(CatrLuBrNaO) C, H, N, Br. 



Compound 30d was prepared following a procedure similar 
to method N. 

Method O. l-Oxyl-3-(triphenyIphosphoniumylmothyl). 
2,2,5,5-tetramethyl-3-pyrroline Bromide (32e). A solution 
of l-oxy1-3-(bromomethyl)-2,2 ) 5,5-tetramethyl-3-pyiToline 31 (60) 
(2.33 g ; 10 mmol) and triphenylphosphine (2.62 g, 10 mmol) 
was heated in acetone (10 mL) for 3 h and then diluted with 
EtgO to start crystallization. The solid residue was recrystal. 
lized from CHCly-Et^O to give the pure compound 32e (3.51 
g, 71%) as pale-brown crystals: mp 224-226 ~C; TSP 436 (M 
+ H) 1 . Ana!. (C^HrjoBrNOP) C, H, N, Br. 

Method P. l-OxyKAM2-isoindolinylmethyl)-2,2,5,5-tet. 
ramethyl-3-pyrroline (24c). A solution of l-oxyl-3-(ami- 
nomethyl)-2.2 ( 5,5-tetramethyl-3-pyrroline :w (61) (1.69 g, 10 
mmol), and o-dibromoxilol (2.64 g, 10 mmol), and K2CO3 (2.76 

g, 20 mmol) in CHC1 3 (50 mL) was stirred and refluxed for 3 
h and then evaporated, and the residue was diluted with water 
(20 mL) and extracted with EtaO (3 x 20 mL). The extract 
was dried (MgSCXi), filtered, and concentrated. The residue 
was purified by chromatography (CHCly-Et.O) to give the 
base 24c (1.85 g, 68%) as pale-vellow crystals: mp 89-90 °C; 
TSP 272 (M + H) + . Anal. (CitHhNsO) C, H, N. 

Method Q. l-Oxyl-3-(guanidinomethyl)-2^2,5,5-tetrain- 
ethyl-3-pyrroline Hydrogen Sulfate Salt (33c). A suspen- 
sion of l-oxyl-3-(aminomethyl)-2,2,5,r)-tetramethyl-3-pyrro- 
line 33 (61) (340 mg, 2 mmol) and S-methylisothiouronium 
sulfate (278 mg, 1 mmol) in EtOH (10 mL) was refluxed for 3 

h, then the hot reaction mixture was filtered, and the filtrate 
was diluted with Et 2 Q to precipitate off-white crystalline 
product 33c (287 mg, 55%) as yellow crystals: mp >180 °C 
dec; TSP 212 (M + H) 1 . Anal. (CioHig^O-VsHaSO^ C. H, N, 
S. 

Method R. l-Oxyl-4-(methylf;ulfonylajnino)-2,2,6,6-tet- 
ramethylpiperidinc (13c). To a stirred solution of amino 
compound 9c l * (342 mg, 2 mmol) and triethylamine (TEA) (303 
mg, 3 mmol) in dry CH^Cl-j (20 mL) was added methanesulfo- 
nyl chloride (252 mg, 2.2 mmol) at 0 °C, and the reaction 
mixture was stirred at room temperature for 3 h, then washed 
with saturated aqueous NaCl solution (10 mL). dried (MgSO*), 
and evaporated to dryness. The solid residue was recrystal- 
lized from CHCU-hexane to give the pure orange compound 
13c (409 mg, 82%) as yellow crystals: mp 141-143 *C; EI imJ 
z, %) 249 (M\ 3), 235 (23), 124 (61). 84 (100). Anal. 
(Ci 0 H 21 N 2 O a S) C, H, N, S. 

Method S, l-Oxyl-3-ureido-2,2,5,5-tetramethyl-3-pyr* 
roline (43c). To a cyclohexane solution of the freshly pre- 
pared isocyanate 62 33 (0.91 g, 5 mmol ) was introduced ammo- 
nia gas. The precipitated solid urea 43c was filtered off and 
recrystallized from CHCI3— Et^O to give a pure compound (0.69 
g, 707c) as yellow crvstals: mp 189-190 "C; EI (mJz, %) 198 
(M\ 7), 168 (41), 110 (58), 41 (100). Anal. (C a H l6 N 3 02) C, H, 
N. 

Method Tl. 1 -Oxyl-AT- (3 -hydroxy propyl )-3-carboxa- 
mido-2,2,5 t 5-tetramethyI-3-pyrroHne (46c). To a solution 
of 1 -oxyl-3-U ethoxycarbonyl )oxycar bonyl] -2. 2,5,5- te tram uthyl- 
S-pyrroline 34 (63) (2.56 g, 10 mmol) in dry CHC1» (20 mL) was 
added 3-aminopropanoIe 10.75 g, 10 mmol), and the mixture 
refluxed for 30 min. Then evaporation to dryness and recrys- 
tallization from Et^O— hexane gave 46c (2.03 g, 84%) as yellow 
crystals: mp 95-96 ~C; EI <m/2, %i 241 (M* ( 2), 211 (32), 136 
(32), 110 (100). Anal. (CuHnNaOa) C, H, N. 

Compounds 45c, 48c, and 49c were prepared following * 
procedure similar to method Tl . 

Method T2. l-Gxyl-AM3-aininopropyl)-3-carboxamido* 
2»2,5 f 5-tetramethyl-3-pyrroline (48c). To a stirred snlution 
of 1,3-diaminopropane (2.22 g, 30 mmol) in dry THF rr>0 W.U 
was added lHjxyl-3-(iV*-imidazniylcai'bonyl)-2,2,5 t 5-tetramethyl* 
S-pyrroline^ (64) (2.56 g, 10 mmol) at 0 :; C. Then the reaction 
mixture was warmed to room temperature, 1 h later evap 0 " 
rated, and flash-chromatographed with CHCli-Et^O. Th e 
first band was the himdical (0.43 g; mp 177- 1.78 "Cl, and the 
second yellow band was the monoradical 48c (1.32 g, 55^)^ 
yellow crystals: mp 104-108 °C: EI imJz, %) 240 (M + , 8), 226 
(18), 136 (65), 41 (100). Anal. (CuHaaNaOa) H, N. 
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Method U. l-Oxyl-3-|7V-(3-aminopropy])-3-carboxam- 
ido]-2,2,5,5-tetramethylpyrrolidinc (66). To a stirred solu- 
tion of 1,3-diaminopropane (2.22 g, 30 mmoli in water-THF 
(2:1. 20 mL) was added l-oxyJ-3-bromo-4-oxo-2,2,6 } 6-tetranv 
ethyl piperidine 3 '' (65) (2.49 g, 10 mmol) in portions. The 
solution was extracted after stirring for 2 h with CHC1 3 . The 
organic phase was dried, evaporated, and purified by flash 
chromatography to give the product 66 ( 1.50 g, 62%) as yellow 
crystals: mp 102-105 °C; EI (m/z s %) 242 (Mr, 18), 212 (11), 
156 (54), 41 (100). Anal. (C ia H 2 ^N 3 0 2 ) C, H ( N. 

Method V. A^-l(l-OxyU2,2 t 5,5 tetramethylpyrrolidine- 
3^arboxumido)propyl]phthaIimide (52c). A mixture of 
equivalent amounts of l-oxyI-3-|A 7 -(3-aminopropyl)-3-carboxa- 
n^idoJ-2,2 I 5,5-tetramethylpyrro1idine ,9 (66) (2.42 g, 10 mmol) 
and phthalimide (1.47 g t 10 mmol) was heated at 120 °C 
without any solvent until the evolution of ammonia had ceased 
(about 60 min). After cooling the melt was dissolved in CHCb 
(20 mL) and flash-chromatugraphed on silica gel (eluted with 
CHC1 3 -Et20). The pure product was crystallized from CHCI3- 
hexane to give 52c (2.15 g, 58%) as yellow crystals: mp 1 18- 
120 °C; EI (m/z t % ) 372 (M + , 15), 358 (9), 342 (89), 41 (100). 
Anal. (C 2 oH2ftN 3 04) C, H, N. 

Method W. l-Oxyl-3-(A r -phthalimid-l*ylmethyl)-2,2,5 f 5- 
tetramethyl-3-pyrroline (53c). A vigorously stirred solution 
of phthalimide (1.47 g, 10 mmol), l-oxyl-3-fbromomethyl)- 
2.2,f>.5-tctramethyl-3-pyrroline 31 (60) (2.33 g, 10 mmol), pow- 
dered KaCOa (2 g), powdered KOH (100 rag), and l8-crown-6 
(300 mg) in dioxane (30 mL) was re fluxed for 4 h and filtered, 
and the filtrate was evaporated to dryness. Residue was flash- 
chroma tographed with CHC1 3 -Et 2 0 and then recrystallized 
from CHCla-hexane to give 53c (2.18 g, 73%) as yellow 
crystals: mp 127-129 °C; EI (m/2, %■) 299 (M~, 13), 285 (27), 
269(100), 213 ( 42). Anal. (C17H1SN2O3) C, H, N. 

Method Z. 1 -Oxyl-4-W-ph thai iraid-l-y l)*2,2 f 6,6-tetra- 
methylpiperidine (55c). A mixture of equivalent amounts 
of l-oxyl-4-amino-2,2,6.6-t«tramethylpiperidine 4d (9c) (1.71 g, 
10 mmol) and phthalimide (1.47 g, 10 mmol) was heated at 
120 = C without any solvent until the evolution of ammonia 
had ceased (about 50 min). After cooling the melt was 
dissolved in CHC1* (20 mL) and flash-chroma tographed on 
silica gel (eluted with CHCls-Et^O). The pure product was 
crystallized from CHCl 3 -hexane to give 55c (2.01 g, 67%) as 
yellow crystals: mp 134-136 °C; EI (m/z, %) 301 (M" 2), 287 
(20), 147 (85), 76 (100). Anal. (Ci7H 2 jN 2 0 3 ) C, H, N. 

Electrochemistry. Cyclic vdltanunetry was performed on 
the nitroxides in phosphate-buffered saline using a glassy 
carbon working electrode and a platinum auxiliary electrode. 
All other conditions are similar to that reported. 6 

Cell Culture. Chinese hamster V79 cells were grown in 
Pi 2 medium supplemented with 10% fetal calf serum, penicil- 
lin, and streptomycin. Survival was assessed in all studies 
by the clonogenic assay. The plating efficiency ranged between 
80% and 90%. Stock cultures of exponentially growing cells 
were trypsinized, rinsed, and plated (5 x 10 s cells/dish) into a 
number of 100-mm Petri dishes and incubated for 16 h at 37 
*C prior to experimental protocols. Nitroxides were added to 
exponentially growing cells in complete F12 medium (final 
concentration, 100 //M) at room temperature immediately prior 
to treatment with H2O2 (final concentration, 500 //M) for 1 h. 
For radiation studies, nitroxides were added to exponentially 
growing cells in complete F12 medium (final concentration, 
10 mMj at room temperature 10 min prior to a single radiation 
dose of 12 Gy. Plates were irradiated at room temperature 
*ith a cobalt-60 irradiator at a dose rate of 5.0 Gy/min. Full 
electron equilibrium was ensured for all irradiations. The time 
required for irradiation (at room temperature) was approxi- 
mately 10 min. Immediately after treatment, cells were 
Jinsed, trypsin ized, counted, and plated for macroscopic colony 
formation. Using these conditions, none of the nitroxides 
exerted cytotoxicity alone. Each nitroxide/H 2 0 2 or nitroxide/ 
radiation determination was plated in triphcate, and experi- 
ments were repeated a minimum of two timus. Plates were 
^cubated for 7 days; colonies were then fixed with methanol/ 
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acetic acid (3:1) and stained with crystal violet. Colonies 
containing >50 cells were scored. 

The results for H->Oy. treatment were formulated to express 
a protection factor (PF, derived by dividing the surviving 
fraction of nitroxide plus H2O2 treatment by the surviving 
fraction of H2O2 treatment alone). A PF > 1.0 means that the 
agent provided protection against HaO^ cytotoxicity. PF values 
were also derived for radiation studies (PF, derived by dividing 
the surviving fraction at 12 Gy of nitroxide treatment by the 
surviving fraction of 12 Gy of treatment alone). PFs > 1.0 
mean that the agent provided radiation protection, and values 
< 1.0 mean that radiation sensitization occurred. The PFs 
from individual experiments were pooled to find the mean PF 
db standard deviation. Each nitroxide was then compared to 
the untreated irradiated control (PF = 1.0) using a two-tailed 
paired Students /-test to determine statistical significance. 46 
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